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Abstract
The construction of an alternative to medical x-ray 
film is required to effect a reduction in the dose of ionising 
radiation delivered to the population without reducing the 
diagnostic efficacy of the method. An electronic alternative to 
medical x-ray films requires the use of materials which 
combine the ability to efficiently absorb x-rays with the ability 
to behave as semiconductors. Semiconductors with good 
charge transport properties and high room temperature 
resistivities. This is an uncommon combination. Two 
materials, cadmium teliuride and cadmium zinc teliuride, are 
among the very few semiconductors that do possess these 
characteristics. A maturing fabrication technology is now 
supplying these semiconductors in forms that approach the 
theoretical behaviour o f defect fi'ee material. This thesis looks 
at the behaviour of spectroscopic grade CdZnTe detectors, in 
terms of electronic properties and construction. The 
interaction of x-rays, infra-red radiation, polarised light and 
heat on these detectors was investigated in order to elucidate 
their basic structure. From this it was concluded that CdZnTe 
in some form and with the appropriate electrical contacts 
could provide the high performance required of any 
alternative to medical x-ray film
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Introduction
The need to reduce the ionising radiation dose delivered to a human population 
as a result o f medical x-ray imaging is paramount. Some 85% of the dose received by 
the population in the UK from artificial sources is derived from medical x-ray use. 
Allied to this is the need to replace the century old method of recording an analogue x- 
ray image on a photographic film. This method by its very nature requires patients to 
be exposed to a level of radiation greater than the fundamental minimum required in 
order to transfer useful diagnostic data from the patient to the image. Also the 
analogue photographic image is by its very nature time consuming to make; expensive 
to develop; bulky to store and transport and difficult to image process in a worthwhile 
way.
This thesis is a very small part o f a larger program, whose aim is to replace 
photographic film with a digital solid state sensor. This will not only reduce the 
radiation exposure to patients and radiologist but will also significantly improve the x- 
ray images so obtained.
The core of this work focuses in on the physical materials used to convert a 
flux of x-radiation into a readable electronic signal. The way in which the electronic 
signal could be read out is not in the remit of this thesis. The initial part o f this work 
concentrates briefly on what factors would allow a detector material to have both a 
high quantum efficiency and a fast response, essential properties for a sensor. It must 
also be easy to fabricate into a thin compact device that would be required for a chest 
x-ray sized sensor plate.
The bulk o f this work focuses in on Cadmium Zinc Teliuride as a direct
semiconducting converter materials. Direct converters in general have a number of 
fundamental physical advantages. For example, the way in which the signal is 
generated and collected and in the fabrication process. Cadmium Teliuride has 
important physical properties, which suggest that it would produce a robust detector 
with long-term stability. These are important when one realises that you are looking at 
sensors that will be used in the fairly harsh environment of the diagnostic medical x-ray 
room in hospitals, and in the industrial radiography setting.
For the putative sensor to compete with, and surpass the sensitivity of 
conventional dual screen medical x-ray film, the quantum efficiency of the sensor must 
approach 100%. That is, 100% of the incoming x-radiation flux must be totally 
absorbed within the semiconductor converter and be translated into an electronic 
signal. In order to do this one could have an arbitrarily thick layer of semiconductor 
sufficient to stop virtually all o f the incoming radiation.
The fabrication, however, of even thin semiconductor layers over hundreds of 
cm^ of sensor posses -as we shall see- severe technical problems. Therefore having 
ruled out ‘thick’ area sensors one must contain high x-ray stopping power within a 
layer as thin as possible, certainly no thicker than a few hundred p,m. In other words 
the semiconductor converter material must have as high a linear absorption coefficient, 
p., as possible. The understanding of the fundamental interaction between x-rays and 
matter have shown that p of a material rises as 7}'^ for x-ray photons in the 
diagnostic range of energies (20keV<Ey<120keV) and scales linearly with density. 
Therefore the ideal semiconductor converter must possess a high average Z and a high 
density.
However it is not simply enough to stop x-radiation within the sensor, the
generated electron-hole pairs (charge carriers) that constitute the signal must be 
collected and taken to the peripheral readout circuitry so that the map of x-ray flux 
impinging on the sensor can be recorded. This directly suggests that the semiconductor 
used must have good charge carrier properties, that is proportionately few of the 
charge carriers should be lost via mechanisms within the semiconductor before they 
can be usefully collected.
Of the many materials that are semiconductors, cadmium teliuride (CdTe) and 
its zinc alloyed derivative cadmium zinc teliuride (CdZnTe), have been the materials of 
choice for the core o f the experimental work to be described in this thesis. This is 
because these materials possess a high average Z (Z=48,52) and a high density of 
»6gcm'^. Also it was realised early on that from a theoretical view point CdTe and 
CdZnTe have semiconductor properties more closely akin to the familiar ‘classical’ 
semiconductors of silicon, germanium and gallium arsenide than all o f the other more 
exotic compound semiconductor materials, such as mercury(II) iodide, lead(II) 
teliuride, copper indium diselenide etc which also possess a high Z and a high density. 
This ‘classical’ behaviour of CdTe suggested that should a signal be generated within 
the semiconductor it could be collected in a conventional manner with minimal signal 
loss.
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1. Foundations
1. Foundations
1.1 The Interaction of Ionising Radiation with Matter
This section is a brief resume of how ionising radiation interacts with matter 
and what factors are important. It is important to remember that for a sensor to detect 
radiation there must be an interaction that converts energy from the radiation into 
signal carriers within the sensor. In the majority of cases, the complete absorption of 
the incoming radiation by the sensor leads to an optimum sensor performance.
Ionising radiation is that section of the electromagnetic spectrum whose 
photons are energetic enough to eject electrons from a bound system such as free 
atoms, molecules or condensed matter. In doing so both the ejected electron and the 
positively charged absorber carry away the photon energy in various forms, such as 
kinetic (the velocity of the electron) and potential (the excited state of the positive ion 
and the vacuum level of the ejected electron). Eventually for an infinite absorber, these 
energy types are converted to heat.
In this sequence of steps it is the initial electromagnetic interaction between the 
x-ray photon and the absorber that determines the probability that the photon will be 
stopped in the sensor and consequently have a non-zero probability o f being detected.
For photons of diagnostic x-ray energies, there are two basic types of 
electromagnetic interaction, the Photo-electric effect and the Compton effect 
which are instrumental in the conversion of x-ray photon energy into a form usable by 
a sensor. This distinction allows us to disregard other electromagnetic interactions
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such as Thompson and Rayleigh scattering which though important in the realm of 
x-ray diffraction do not in themselves impart energy to the sensor.
1.1.1 The Photo-electric Effect
A familiar aspect o f modern physics is the ejection o f electrons from a solid 
surface into a vacuum when illuminated with light above a characteristic photon 
energy. In this case, photon energies of a few eV are enough to raise the electron from 
the fermi energy level of the solid to the vacuum. This process is called the photo­
electric effect but represents only a very small low energy tail o f the whole process o f 
photo-electric absorption.
At its simplest, single atoms in a vacuum irradiated by photons can display the 
photo-electric effect. This is shown grossly simplified in fig. 1.1.
hv
Target atom
photo-electron -
>
Excited positive ion
Fig. 1.1 The photo-electric effect
The interaction results in the annihilation o f the incident photon and the 
excitation o f an electron from the participating energy level into an empty or partially 
filled second energy level via an allowed transition within the target atom. I f  as in most
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cases the second energy level is in the vacuum continuum, the excited electron is 
ejected from the target atom. The original photon’s energy is initially split into three 
components; the potential energy of the photo-electron, normally called the electron 
binding energy; the excitation energy of the target atom; the kinetic energies of the 
photo-electron and the recoiling target atom. Of these, the first fixes the minimum 
energy required of the incoming photon just to remove an electron from a particular 
energy level within an atom. Photons with energies below this binding energy cannot 
interact with that particular energy level, though they may interact with energy levels 
having smaller electron binding energies.
The excitation energy of the target atom is the result of the vacancy left in the 
affected electron energy level. Electron transitions from higher energy levels allow the 
vacancy to rise to the most weakly bound energy level possessed by the atom. These 
electron transitions result in the emission of x-ray photons characteristic o f the target 
atom. This fluorescence emission effectively carries away the excitation energy o f the 
atom.
The kinetic energy associated with the photo-electron and the recoiling target 
atom is almost entirely transferred to the photo-electron. This is due to the large 
disparity in the mass of the electron and target atom and the conservation of 
momentum.
In summary therefore, the incoming x-ray photon’s energy is converted by this 
first interaction into a high-energy photo-electron and several lower energy 
fluorescence photons.
The fluorescence photons are unable to interact with K-shell electrons due to 
their energy and therefore have a longer mean free path than the original x-ray photon.
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For an incoming x-ray photon of 100 keV being absorbed in lead the photo-electron 
will have an initial energy of « 35 keV. This will travel roughly \/jm  before becoming 
thermalised within the lead. The K-shell fluorescence x-ray has a mean free path in lead 
of 44/nn before being absorbed. In general for an absorber that is several 
fluorescence mean free paths in size, once the initial x-ray photon has been photo- 
electrically absorbed, the probability of the photon energy escaping from the absorber, 
in a form other than low grade heat, is very small.
The K-shell cross-section for the photo-electric effect, Ope, as a function of the 
atomic number, Z, of the absorber and the x-ray photon energy, Ey, is given by
/ 2 Y 5
(J p g  35 (11)
Where a  is the fine structure constant and (Jt is the Thompson cross-section which is 
equal to 6.66x10'^m^. This equation is only applicable where .Ey is equal to or greater 
than the K-shell binding energy. The K-shell interaction can be shown to account for 
90% of photo-electric interactions in the diagnostic x-ray energy range
In summary therefore, the cross-section for photo-electric absorption increases 
as and decreases as Absorbers with a high atomic number will therefore give a
high efficiency as a converter material.
1.1.2 Compton effect
The familiar Compton effect considers the interaction of an x-ray photon with a 
free electron. Obviously for this effect to overtake the PE effect the photon energy
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must be well above the electron k-shell binding energy. The Compton scattering o f a 
high energy photon Ey is shown schematically below in fig. 1.2.
Scattered photon
Electron at rest
Incident photon Scattered electron
Fig. 1.2 The Compton effect
The amount of energy transferred to the electron and the energy o f the 
scattered photon is given by the familiar Compton scattering equations,
(1.2)
As can be seen at low photon energies the back scattered photon has the same 
energy as the incident photon. Therefore the electron receives little energy. This is the 
region o f Thompson scattering previously described. At very high incident photon 
energies the energy o f the backscattered photon (0 = 7t) tends to the limiting value of 
moC /^2 that is 206keV, the remaining energy is taken up by the electron.
The cross-section for Compton scattering per electron is given by a rather un- 
illuminating equation. Graphically the function is shown in fig. 1.3.
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Fig. 1.3 The Compton cross-section given in terms of the Thompson cross-section
For x-rays of diagnostic energy, the Compton scattering cross-section differs very 
little from the Thompson cross-section, which itself is invariant with respect to energy. For 
example at ISOkeV, the Compton cross-section is some 85% of the Thompson cross- 
section. However, our interest lies with the fractional amount of energy deposited per 
incident photon in the detector as a frinction of the incident photon’s energy. It can be 
shown that a detector relying purely on Compton scattering to extract energy from a 
photon beam reaches a maximum efficiency at 380keV.
In summary, the ability of an absorber to convert energy from an x-ray beam via the 
Compton effect scales simply with the density o f electrons present. This in turn will scale 
with the density and Z of the absorber. Therefore Compton mediated conversion is a 
somewhat less efficient than the photo-electric effect. In addition, Compton scattering 
always results in a secondary photon that may have substantial energy and therefore suffer 
Compton scattering itself. These secondary scatters lead to a substantial diffusion o f energy
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from the initial interaction point within the absorber into a large plume of secondary 
photons.
1.1.3 Secondary Interaction effects
The photo-electric and Compton effect can both be described as the primary 
interaction between an x-ray photon flux and an absorber/detector. However, the 
energy associated with signal carriers within a detector is normally of the order of leV. 
Thus there are still several steps between the high-energy electrons and secondary 
photons liberated by photo-electric absorption and Compton scattering and the low 
energy signal carriers.
In the case of photo-electric absorption, the range of the ejected photoelectron 
is of the order of several micrometres before thermalisation takes place. During 
thermalisation, the photo-electron suffers collisional energy loss from interactions with 
other electrons and radiative loss from close encounters with atomic nuclei. Thus a 
plume of secondary electrons is produced around the initial photoelectric event. The 
average distance that the energy diffuses before sub-eV charge carriers are produced in 
a high Z material is of the order of lO/m.
In Compton scattering events the initial main vector for the dispersion of 
energy is the scattered photon. This can have a mean free path o f several tens of 
micrometers before it is itself captured by PE absorption or is Compton scattered. In 
general energy diffusion in a high Z material is much greater for Compton scattering 
processes than PE absorption. Therefore as only the sub-eV charge carriers can 
actually be detected and then the position o f the initial x-ray photon inferred it is
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immediately apparent that PE processes will give a better positional resolution than the 
Compton process. For diagnostic x-ray energies PE events can be greatly enhanced 
over Compton scattering by the use of as high a Z material as possible.
1.1.4 Signal Carriers
In brief, signal carriers fall into two groups. Neutral signal carriers such as 
optical photons produced from a scintillator that can be detected with relatively 
ordinary means such as photodiodes or photomultiplier tubes. Charged signal carriers 
such as free electrons and positive ions are produced in the plume of secondary 
ionisation events previously described, and may be detected in a gas ionisation 
chamber. Other charged signal carriers are the mobile electrons and holes present 
within the band structure of a semiconductor. Again, these are generated by the 
secondary events produced when a semiconductor absorbs an x-ray photon. Charge 
signal carriers have the distinct advantage over neutral photons in that they can be 
focussed and collected by an applied field onto a suitable electrode. The electric 
charge, conveyed by this collection process, is immediately detectable. This is in 
contrast to optical photons that have to be converted into charged signal carriers by an 
intermediate process, which will always entail a loss of efficiency.
1.2 What is X-ray imaging?
Let us begin by defining what is meant by x-ray imaging, whether for medical 
or industrial use.
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1.2.1 Basic Projection
In its simplest and most basic form, an x-ray image is created by allowing a 
broad uniform beam o f x-radiation to impinge on the object to be examined. 
Depending on the nature o f  the object, some fraction o f the incident x-ray flux will be 
transmitted through the object, some will be scattered and some will be absorbed. It is 
important to note that the original incident x-ray beam, by virtue o f its uniformity, 
carries no spatial information.
Image
Object SensorIncident X-ray flux
Fig 1.4 Idealised Projection X-ray imaging system
On passing through the object, a two-dimensional intensity field is conferred 
onto the now transmitted x-ray beam. This 2d map is a function o f the thickness and 
nature o f the material traversed by the x-ray photons on their path through the object. 
The obvious optical analogy is the shadow cast by a translucent object o f  varying 
opacity, when illuminated by a uniform light source, with the exception that refraction 
effects, so marked at optical frequencies, are six orders o f magnitude smaller at x-ray 
frequencies.
A sensor placed to intercept the transmitted x-ray beam renders the visual 
realisation o f this 2d x-ray flux intensity map. At its simplest this could be a screen
9
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coated in a fluorescent material, such as europium doped zinc sulphide, which emits 
light at an intensity in proportion to the incident x-ray flux intensity. This simple and 
crude-imaging sensor possesses the two essential features of any x-ray imaging sensor, 
no matter how advanced.
(1) The ability to measure (in this case somewhat crudely) the intensity o f the incident 
x-radiation.
(2) The ability to decide where on the plane of the detector was this intensity recorded. 
Succinctly this is the ability to say how much and where.
1.2.2 Single Shot Mode
Now this simple projection method of x-ray imaging accounts for the vast 
majority of radiographs obtained in both the medical and industrial spheres. This is 
because the technique is simple and inexpensive to set up and the resulting image is 
obtained directly from the sensor without the need for extensive processing
This basic method of x-ray imaging can be further subdivided into two groups. 
The first is single shot exposure. Here the object under examination, whether a patient 
in the medical case or some industrial component in the industrial case, is exposed to a 
flux of radiation and the transmitted radiation that is collected on the sensor is 
integrated to form a single image. In the case of the medical exposure the duration of 
the x-ray flux will be of the order o f milliseconds, and is thus capable o f freezing any 
movements within the patient such as respiration, heartbeat, involuntary muscular 
movement etc. In the case o f industrial examination due to the fact that many of the 
objects are of high density and high Z materials that are extremely absorbing of x- 
radiation, the exposure may be over the period of several hours, in order that the 
sensor collects sufficient x-ray fluence.
10
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In both cases the three dimensional internal structure of the object is collapsed 
down into a 2d shadow image of the object.
1.2.3 Contemporary Single Shot Sensors
The first and most simple sensor is the photographic x-ray film. This is used in 
over 99% of all single shot modes and is by far the most familiar method of recording 
the spatial variation in an x-ray image.
The modern photographic x-ray film consists of two components. The first is a 
scintillator plate consisting of a high Z, high-density fluorescent material. The 
scintillator screen is usually made of gadolinium oxysulphide or calcium tungstate in 
the form of a powder mixed with an inert transparent plastic binder. This composite 
can be extruded into thin sheets of varying thickness and area. Usually, in most x-ray 
films, there are two of these scintillator screens between which is sandwiched a silver 
halide based photographic film.
As in ordinary photographic film, the silver halide is dispersed in fine grains 
throughout a thin layer of gelatine supported on a cellulose acetate backing film. The 
grain size o f the silver halide dispersion determines the sensitivity and spatial resolution 
o f the film to optical photons.
The function o f the two scintillator screens is to convert the incoming x- 
radiation into optical photons. These optical photons then interact in the photographic 
film to generate the image. The photographic film is then removed from the scintillator 
screens to be developed in the normal way to produce the familiar monochrome 
transparency that is viewed on a light box.
11
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The scintillator plates enormously increase the sensitivity of the silver halide 
photographic emulsion to x-radiation. The silver halide film itself is very thin («100p.m) 
is of a low density («Igcm ’^ ) and is of a low average Z, as the silver halide component 
that is dispersed through the gelatine matrix is present in only a small concentration. 
Remember that even though the silver halide salts used contain a substantial amount of 
iodine and thus give the salt a high average Z of 50 the gelatine matrix is a hydrolysed 
polypeptide with an empirical formula of C2NOH5; this therefore has an average Z of 
around 7. Therefore, the naked photographic x-ray film has only a very small cross- 
section for the interaction with the incoming x-ray beam.
The scintillator plates by contrast have a high average Z o f around 60 to 80 and 
a high density, they therefore have a very high PE cross-section for interacting with the 
x-ray beam.
1.2.4 Fluoroscopy
The second mode of operation is where a rapid number o f images are taken 
sequentially. The speed of exposure can be equivalent to the standard PAL video frame 
rate o f 25 full frames per second, in which case a moving image o f the object is 
recorded. This mode of operation is commonly called a ‘Fluoroscopic Examination’ in 
the medical field so named after one of the earliest sensors capable of recording a 
moving x-ray image, the ‘Fluoroscope’. I will not describe any form of modern image 
intensifier set-up that can record a moving x-ray image. However, any detector capable 
of recording both a single-shot type exposure and have the ability to function in 
fluoroscopic mode will be greatly advantaged.
12
1. Foundations
1.3. Electronic readout modes.
1.3.1 Direct methods
A two-dimensional slab o f detector material will interact with the x-ray flux and 
convert it into a ‘signal’ that varies in 2d. How is this information to be read out from 
the detector material? Generally data in digital systems is processed sequentially, one 
binary word at a time. In a likewise manner the data stored in the detector material is 
most efficiently read (in terms o f wiring interconnects if not o f time) in a serial manner.
The method which is perhaps the easiest to implement and does not require 
high performance slabs o f semiconductor material to act as the detector, (cf. Charge 
coupled devices) is the direct readout. This is shown schematically below.
Absorber
Sequence of 
readout
Pixel
Switch
Data lines
lines
Fig 1.5 View of one small comer of a large 2d array that uses direct readout of signal. The control 
lines activate sequentially with the data being read-out row by row.
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Very simply the 2d rectangle of converter is divided up into a large number of 
tessellated blocks called pixels. Each pixel could be an electrode for recording a 
radiation-induced charge or a photodiode for detecting optical radiation from a 
scintillator. The pixels are connected together in a series of rows and columns by thin 
metallic conductors that are either control or data lines. A control line will connect 
together in parallel eveiy pixel present in a particular row.
Each pixel contains a switching element, such as a thin film transistor, which 
can be turned on and off by the correct voltage applied to the control line. Closing of 
all of the switches present in a particular row of pixels will cause the stored electric 
charge, that represents the integrated x-ray signal, to flow out to the data lines. Hence 
activating one control line at a time empties a i d  slice of the collected x-ray image into 
the data lines. The controlling logic of the system drives the control lines such that an 
entire image can be sequentially downloaded from the array.
The advantage of the direct readout system is its ability to be built up into large 
area arrays on glass substrates. This is quite well illustrated by the enormous 
development in the flat panel displays so common in portable computer and video 
equipment. Also in contrast to CCD type readouts, the radiation converter and readout 
array can be kept separate. Thus each part can be tailored to meet its own specific 
requirements.
Now it is time to consider briefly the methods used for conversion and the 
types of materials involved.
14
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2. Conversion
The crucial step separating a charge-mapping array from an X-ray imaging 
detector in one of conversion. This is any process that leads to the transfer of the 
energy present in a diagnostic x-ray photon to the energy associated with free electric 
charge. There are two basic ways of achieving this conversion, indirect and direct. .
2.1 Indirect Conversion
2.1.1 Scintillators
The indirect methods rely on down-converting the X-ray photons into optical 
photons via a scintillator. The optical photons then generate electron-hole pairs within 
a suitable photodetector such as an array of photodiodes to which the scintillator is 
attached. This method has the advantage of having been used extensively on CCD 
arrays with columnar caesium iodide as the scintillator, which is relatively easy to apply 
over large areas The optical radiation from the scintillator can be emitted in several 
distinct bursts with a characteristic time constant after the cessation o f the x-ray 
radiation. Optical photons from the fast components of the fluorescence can clear the 
scintillator within a microsecond. Depending on the scintillator used this fast 
component may make up more than 99% of the total amount of optical radiation 
released. However, the slow components o f the fluorescence may cause the scintillator 
to radiate optical photons over periods of seconds. This after glow may be small in 
terms of the total emitted radiation, but it can cause problems due to image lag. Here 
traces of a previous image can be superposed on a current image. This problem would
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be most pronounced in a fluoroscopic mode where the time interval between images is 
necessarily short.
Indirect conversion has the disadvantage o f a low conversion efficiency which 
leads to poor carrier statistics and therefore a low signal to noise ratio. Under practical 
conditions, 1 keV o f absorbed x-ray energy will lead to lOe o f detectable charge. The 
electronic noise inherent in any readout array controls the minimum number o f x-ray 
photons that must be absorbed before the signal can be detected. This effectively 
means that such an arrangement can only approach the sensitivity o f x-ray film. Dose 
reduction to patients would not be reduced, except in the elimination o f secondary 
exposures due to poor primary results. It could however be o f use in industrial 
imaging.
Optical photons
Photodiode
y  Scintillator
signal output
Fig.2.1 Simplified indirect conversion process using a scintillator and photodiode detectors.
16
2. Conversion
2.2 Direct Conversion
Of real interest are the direct methods of conversion. These can be separated 
into two groups, the ionisation converters and the semiconductor converters. Both 
groups convert x-ray photons into charge carriers directly. These charge carriers are 
then swept from the converter volume by an electric field applied perpendicular to the 
plane of the detector and collected by a 2d-array of electrodes.
2.2.1 Ionisation Converters
The ionisation converters usually employ a gas as the detecting medium, 
though it may be possible to use a variety of dielectric liquids instead.
2.2.1.1 Gas Ionisation Converters
In the gas ionisation converter, x-ray photons are photo-electrically absorbed 
generating a high-energy electron and a positively charged gas ion. The gas would be 
chosen so that the probability for photo-electric absorption would be high for the 
energy of x-rays used. For x-rays of diagnostic energies, xenon gas, with a small 
addition o f methane to reduce losses, would be used. The high-energy electron loses its 
energy via collisions with other gas atoms to produce a plume of secondary electrons 
and gas ions at thermal energies (%0.025eV). These secondary electrons and ions will 
constitute the signal integrated by a 2d-array. This is shown schematically in fig.2.2.
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10cm Xe gas
at lOatm
Xe
High input 
impedance buffer -<  
amplifiers
Signal out
Fig.2.2 Simplified direct conversion process using a gas-ionisation chamber.
Under optimum conditions, for every keV of x-ray energy absorbed 40e of 
detectable charge carriers would be produced. Thus, such a set up has four times the 
efficiency of an indirect converter. However, in order to exceed the sensitivity of x-ray 
film, 80% of the incident x-ray photons (at 60keV) will have to be absorbed within the 
sensitive gas layer. This will require the xenon gas to b ea t 10 atm pressure and have a 
thickness o f several centimetres, not parameters for a compact and easily designed 
detector arrangement This compares with SOOjum for the thickness o f a caesium 
iodide scintillator of similar radio-opaqueness. Under practical electric field values, the 
secondary electrons will clear the detector 1 jus after irradiation. However, the positive 
gas ions may take as long as 100ms to clear if they have to traverse the entire gas 
thickness. This will generate image lag problems for single shot mode exposures and 
render multiple exposure fluoroscopic examinations impossible.
An important adjunct to the properties of gas ionisation converters is the 
possibility of amplification. Under high electric field conditions a controlled avalanche
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ionisation process can be initiated by the secondary electrons liberated by the 
absorption of a single x-ray photon, or any other form of ionising radiation such as a  
and P particles. In gas proportional counters, which already use this process, gains of 
several thousand are normally achieved
2.2.1.2 Liquid Ionisation Converters
A possible solution to the dimensional and pressure problems of the gas 
converter is to replace the gas with a dielectric liquid in which the ionisation occurs. 
For example, tetra-ethyl lead could be used as a liquid layer 3 mm thick for 80% x-ray 
absorption at atmospheric pressure Unfortunately liquid ionisation chambers have 
very low positive ion mobilities for all, but the most exotic liquids ^^^liquid helium), 
leading to clearing times of tens of seconds for a 3 mm thick liquid layer. Electron 
transport can be reasonable in pure liquids, however contamination by electrophilic 
impurities leads to the formation of negative ions .with mobilities no better than their 
positive counterparts. Contamination is difficult to avoid since most of the suitable 
liquids are searching solvents capable o f extracting impurities from any practical 
materials used to construct the containing vessel.
This is not to say however that the liquid ionisation converter has no prospect 
for development. Liquid ammonia has certain interesting properties with respect to 
both electron and positive ion transport. Electron transport is fast compared to other 
liquids due to the solvating properties of the highly polar ammonia molecule, also and 
more critically positive ion transport could be fast. This possibility arises due to 
extremely labile nature of the hydrogen-nitrogen bond in ammonia. In brief, positive 
hydrogen ions - which are stabilised by the solvating powers of surrounding ammonia
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molecules - do not move in response to the applied electric field. Instead molecular 
bonds are exchanged between hydrogen ions and covalently bound hydrogen resulting 
in the transfer of charge. This transfer is propagated down a chain of ammonia 
molecules in a mode somewhat analogous to hole transport in semiconductors. This 
process is very evident in water to which ammonia is structurally a close analogue 
Unfortunately, the lifetime of solvated electrons in water is about ten microseconds so 
water itself cannot be used in a liquid ionisation chamber.
Again, problems arise from the noxiousness and difficulty in handling liquid 
ammonia. In addition, the average Z of ammonia is only seven, which makes its PE 
cross-section for diagnostic x-rays so small as to be of no practical use in an imaging 
device. However there exist a number of organic amines which possess - though to a 
lesser degree - the solvating properties o f ammonia, whilst remaining liquid at ambient 
temperature and pressure. In addition, these materials could have high Z side groups 
attached to their hydrocarbon backbones increasing their PE efficiency. Unfortunately, 
the literature is scant with regard to this avenue.
What has been described in the literature suggests that liquid ionisation 
chambers are difficult to build, maintain and operate. Also charge collection times and 
efficiencies even for ammonia and its hydrocarbon analogues are likely to be too poor 
to be o f use in an imaging detector.
2.2.2 Semiconductor Converters
Semiconductor converters interact initially with incident radiation precisely in 
the same way as ionisation converters. That is for 60keV x-ray photons absorbed 
within a semiconductor of relatively high atomic number (Z«50), 98% will interact
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photo-electrically to produce a plume of secondary electrons This plume will have a 
spatial extent roughly 1/1000 of that occurring in the gas converter due to the much 
higher density of the semiconductor. Thermalisation and absorption of these secondary 
electrons leave the crystal lattice of the semiconductor in an excited state. This 
manifests itself in the production of electron-hole pairs within the conduction and 
valence band o f the semiconductor. These charge carriers are drifted by an electric 
field and integrated on a 2d array in a manner akin to that which could be used for a 
gas ionisation detector.
# - V
300/mi
Non­
injecting
contacts
High Z, large 
^bandgap  
semiconductor
High input 
impedance ^  
amplifiers
Signal out
Fig.2.3 Simplified direct conversion process using a semiconductor converter.
This process requires only a fraction of the energy necessary to produce charge 
carriers in a gas converter. In general for a semiconductor of bandgap 1.5eV, roughly 
3-4eV will be required from the incoming radiation to produce an electron-hole pair. 
Therefore for every keV of radiation absorbed, 300e of charge carriers will be 
produced, a factor of about ten better than a gas converter.
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Competing with radiation as a source of charge carriers is thermal energy. At 
ambient temperature, kT is sufficient to generate enough charge carriers to present a 
noise problem to the integrated signal on each pixel if the band gap of the 
semiconductor is less than «1.2eV. As cooling a large area detector to reduce kT is not 
really considered practical, only semiconductors with a bandgap >1.2eV can be used.
In order for the detector to be acceptably sensitive, it must absorb at least 80% 
of the radiation incident upon it. For a low Z, low density semiconductor, such as 
silicon, this would require a layer 25mm thick Fabrication of such a layer over a 
large area would be impossible. Thus, the semiconductor must have a high average Z 
and a high density in order to reduce this thickness to achievable levels. In addition, the 
mobilities/trap depths of the electrons and holes must be such, that the time taken to 
clear the layer is small compared to the exposure time of each image acquisition. This 
final requirement prevents image lag and allows fluoroscopic exposures. Considering 
the number of III-V and II-VI compound semiconductors available, none meet these 
criteria in total.
Cadmium Telluride - a II-VI semiconductor - comes closest to fulfilling most of 
these requirements. It has a wide band-gap of 1.5eV, suitable for ambient temperature, 
and a high average Z of 50. This coupled with its high density of 6.3 gcm'^ gives a 
minimum sensitive thickness of 400/im. With a drift field maintained by a potential of 
40V, holes (the slower o f the charge carriers) will clear the detector layer in 0.5pis. 
Thus making a very compact, convenient and fast detector in comparison to gas 
ionisation arrays.
O f course the major assumption here is that one can lay down 400/rni layers of 
CdTe over large areas while maintaining the relatively good charge transport
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properties o f monocrystalline CdTe, upon which the above best case scenario is based. 
If  silicon can be used as an example of what can happen to carrier mobilities in going 
from monocrystalline to polycrystalline/amorphous layers, then we can expect at least a 
reduction of 1000 in transport parameters. This would lead to detector clearance times 
on the order of milliseconds. This would still be very acceptable.
However it is not known to what extent hole traps, already deep in 
monocrystalline CdTe, are deepened in polycrystalline CdTe. This would be especially 
important between crystal boundaries. This could result in unwelcome image lag 
lasting several seconds and polarisation effects. Here the collection field takes several 
hours to reach a steady state value, both at switch-on and between frame acquisitions.
2.2.3 Organic Semiconductors
Most o f these organic polymer semiconductors are based on a conjugated 
hydrocarbon called polyacetylene. Poly acetylene is itself a rather reactive and unstable 
material, however many of its derivatives are stable and inert These derivatives, 
such as polyphenylene sulphide, tend to have bandgaps around 2eV.
Charge carrier physics is somewhat complex, but the literature suggests that 
mobilities are high for both electrons and holes The essentially Id structure o f these 
polymer chains constrains charge carrier movement to a cylindrical sheath around the 
polymer backbone. If  the chains are aligned en masse, a material with very anisotropic 
transport properties is produced. If such a material were used as a converter, aligning 
the axis o f maximum carrier mobility with the applied drift field would have major 
advantages in minimising pixel crosstalk.
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A plastic semiconductor converter would obviously have advantages in both 
fabrication and use, though as yet, no reference to the use of undoped polymer 
semiconductors as ionising radiation detectors has been seen.
2,4 Decision
Without doubt, the a priori preference is for a direct semiconductor converter. 
This is due to the superior noise performance, compactness, ruggedness, stability and 
speed of response. A major advantage from the point of view of this thesis is ease of 
obtaining and experimenting on a solid material such as a semiconductor. The ease 
with which electronic grade CdTe can be obtained coupled with its physical stability; 
high Z and high density immediately made it a first choice for this work. Other 
semiconductors are inferior to cadmium telluride, when all of the relevant parameters 
are taken into account. Therefore, this work has been based exclusively on CdTe and 
its ternary alloy, CdZnTe.
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3. Cadmium Telluride
Having decided that CdTe is one of the best candidates for a room temperature 
semiconductor converter, it will be of interest to see what sort of material we have 
been dealing with.
3.1 Crystal Structure
Cadmium forms a range of related solid compounds with group VI elements of 
the periodic table. All of these solids have in common a basic covalently bound 
macromolecular structure, with varying degrees o f polarity depending on the nature of 
the group VI element. In all o f these compounds, except the oxide, the cadmium cation 
has a tetrahedral co-ordination with the anions.
With tetrahedral co-ordination, the lattice packing can take place in two 
distinct crystal structures. In both cases to be described, the cadmium atoms are 
arranged together in distinct hexagonal layers. The anions are arranged in exactly the 
same way to form hexagonal layers that only contain anions. To see the underlying 
symmetry o f these structures one must observe either the cadmium or the anion layers 
alone.
The first, where the cadmium atoms are packed in a strictly alternate manner, 
results in a hexagonal arrangement, known as the Wurzite structure. Such a packing 
arrangement is known as ABAB signifying the fact that the cadmium atoms in every 
third layer are positioned identically with the atoms in the first. The second 
arrangement known as Zinc Blende has a face centred cubic structure. This is achieved
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by packing the cadmium layers in an ABCABC arrangement. Here every fourth layer is 
identical with the first and so on.
These two allomorphs have precisely the same packing density and co­
ordination number. Which of these two morphologies are taken up depends on the 
Gibbs free energy difference between the two forms. Crudely speaking, the wurzite 
structure possesses a slightly larger entropy than the somewhat more ordered zinc 
blende structure. This in turn favours the wurzite structure as a high temperature phase 
or as a phase where large disparities in the cadmium/anion radius somewhat reduces 
the lattice enthalpy of formation.
Thus, cadmium sulphide always crystallises in the wurzite structure due to the 
relative smallness of the sulphide anion. Cadmium oxide is somewhat anomalous as it 
crystallises in the sodium chloride cubic form. This is due to the extreme polarity in the 
cadmium-oxide bond, which results in cadmium oxide behaving as an ionic solid. As 
such the negative oxide ions energetically favour being-surrounded by 12 nearest 
neighbour cadmium ions, as in the sodium chloride structure, rather than 4 nearest 
neighbours, as present in either zinc blende or wurzite. The larger selenide anion 
allows cadmium selenide to crystallise in both the zinc blende and the wurzite 
structure, depending on growth régimes. In cadmium telluride, the near equality of the 
ionic radii causes the lattice to always form in the zinc blende structure.
Another and perhaps clearer view of how two quite distinct crystal structures 
can be obtained from tetrahedral unit cells is shown in figure fig.3.1. Figures (a) and 
(b) show solid tetrahedra arranged in two ways, both of which have identical packing 
densities and satisfy the bond order between atoms.
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(a)
(c)
(d)
(e)
Fig. 3.1. Tills is to show how two very distinct ctystal structures as the cubic Zinc Blende (a), (c), (e), and 
the hexagonal Wurzite (b), (d), (f), structure can be obtained simply by orientating the basic tetrahedral 
unit cells in a different manner
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Figures (c) and (d) show the cadmium atoms (black) at the vertex of every 
tetrahedron with the anions (grey) at their centre. Finally in (e) and (f), the lattices have 
been re-drawn to show the characteristic face-centred cubic structure of zinc blende, 
(e), and the hexagonal structure of wurzite, (f). Note that the position of the atoms has 
not been changed between (c)&(e) and (d)&(f).
From this diagrammatic argument it can be seen that in zinc blende, all the 
tetrahedra are stacked in exactly the same orientation; that is all of their equivalent 
faces are parallel. Whereas in wurzite there are two sets of tetrahedra arranged 
alternately along the hexagonal C axis. It is interesting to note that the entropy of the 
wurzite crystal structure is almost In (2) times as great as the zinc blende structure due 
to the extra degree of freedom present. From statistical mechanics the entropy of a 
system is proportional to In (n) where n is the number of permutations in a system
As stated before cadmium telluride (CdTe), always crystallises in the cubic zinc 
blende structure. Shown below is an explicit diagram for CdTe together with its 
various lattice parameters.
Tellurium Rn,=0.143nm
Cadmium Rm^ O. 149nm
M  0.664 nm
Fig. 3.2 Cadmium Telluride lattice
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3.1.1 Bonding
It has already been stated that the bonding in cadmium telluride is 
predominantly covalent, now it is necessary to see how covalent bonding can lead to a 
3d macromolecule.
Atomic cadmium has the electronic configuration (Kr) 4d^  ^ 5s  ^ 5p® and 
tellurium (Kr) 4d^° 5s  ^5p‘^. A molecular orbital composed of the 5p orbital of tellurium 
and the 5s orbital of cadmium would result in an inter-bond angle of 90°. Such bond 
angles are usually only found in polymeric solids composed of zigzag chains of atoms 
(e.g. elemental tellurium and selenium). The inter-bond angle in cadmium telluride is 
109.5°, which of course allows the tetrahedral zinc blende structure to be evolved. 
Stressing the 90° sp orbitals to lie at 109.5° would be energetically unfavourable. 
Hybridisation of the 5s and 5p orbitals in both cadmium and tellurium results in four 
sp  ^ orbitals disposed at 109.5° to each other. Hybridisation requires energy but not 
nearly as much as distorting p-orbitals and is easily compensated by the large enthalpy 
released on forming a three dimensional macro-molecule.
It „ 1
11
M
Tellurium Cadmium
Fig 3.3. Simplified electron orbital structure of sp^  hybridised tellurium and cadmium
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As can be seen in fig. 3.4, the tellurium and cadmium hybridisation results in a 
complementary bonding arrangement. That is both the cadmium and tellurium atoms 
possess two half filled orbitals that can form homopolar covalent bonds between 
cadmium and tellurium. In addition, tellurium possesses two filled sp  ^ orbitals and 
cadmium two empty sp  ^ orbitals. This allows heteropolar covalent bonds to be formed 
between cadmium and tellurium. In these, the tellurium donates both electrons present 
in each bond. These heteropolar bonds are polar in nature and therefore contribute to 
the overall charge disparity in the cadmium telluride macromolecule. Of course in 
reality, all o f the covalent bonds within cadmium telluride are identical. This is 
expressed by the undistorted cubic structure and the equality of the cadmium-tellurium 
bond lengths (0.29 nm), as measured by x-ray diffraction studies
ir
«
I
(a)
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a
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4 k
Fig. 3.4. (a) Simplified molecular orbital bonding in CdTe. Energy level diagrams showing,
(b) a heteropolar covalent bond and (c), a homopolar covalent bond.
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Note in fig 3.4 (b) and (c) the presence of filled bonding (a) and unfilled anti­
bonding orbitals (a*). These orbitals are crucial in the understanding of the electronic 
properties o f crystalline cadmium telluride.
3.2 Basic intrinsic electronic properties
Now let us consider the electronic properties of bulk CdTe. The band theory of 
solids expresses the view that the discrete energy levels, present in simple molecules, 
become converted into energy bands, on condensing a large number of molecules into 
one large macro-molecule The band theory uses the quantum mechanical idea that 
the number o f energy levels within a system is simply the sum of all the energy levels 
present within the components of the system.
Therefore, in Icm^ of crystalline CdTe, there are approximately 10^  ^ discrete 
energy levels. These form a band that contains the bonding electrons, as described in 
the previous section. This band is normally referred to as the valence band and in a 
perfect CdTe crystal at OK it would be completely filled with bonding electrons. 
Forming another band are the 10^  ^ a* anti-bonding orbitals. This is the conduction 
band o f CdTe and, as would be expected from the nature of the covalent bonding in 
CdTe, is empty o f electrons at 0 K.
The lowest energy orbital of the conduction band is separated from the highest 
energy orbital o f the valence band, by a region in which there are no electron orbitals. 
This region is called the band-gap, and in CdTe is some 1.46 to 1.52eV wide at room 
temperature and pressure. The exact width is also greatly modified by the periodicity 
of the crystal lattice as expressed by the Bloch theory o f solids which prevents
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electrons with a certain crystal momentum being propagated. However, amorphous or 
polymeric solids rely on the basic molecular band gap as described. The conduction 
band extends from the band gap upward to where it merges into the vacuum 
continuum of the free electron. This is shown in fig. 3.5.
E v a c
Conduction
Band
Valence
Band
Fig.3.5 Simplified band diagram of a semiconductor.
Of course at room temperature a finite number of electrons are excited up out 
of the valence band into the conduction band. This generates the intrinsic conductivity 
of CdTe. In chapter 5, the maximum theoretical resistivity of CdTe will be calculated. 
It is sufficient to say here that the concentration of electrons or holes in intrinsic CdTe, 
ri[, at room temperature is lO^cm'^. This compares with approximately 10^  ^ and 10^  ^
cm'^ for germanium and silicon respectively
This aspect of room temperature conductivity is crucial with respect to x-ray 
detection, as leakage current is a noise source. Hence the need to cool both silicon and 
germanium with LN 2 when these semiconductors are uses as ionising radiation 
detectors.
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3.2.1 Electronic properties of vacancies and interstitials
CdTe suffers from the ability to dope itself with interstitials and vacancies. 
Generally, cadmium is the most likely to form defects in the crystal lattice. Cadmium 
can form interstitial defects when the CdTe is grown at relatively low temperatures and 
with excess cadmium. The interstitial cadmium is either singly or doubly ionised and is 
known as Cdi^ and Cd;^  ^ respectively It generates a shallow donor level at «20meV 
below the conduction band when singly charged and a very deep donor level 0.56eV 
below the conduction band when doubly charged.
More common than the interstitial defect and more troublesome to end-users of 
CdTe, is the cadmium vacancy, Vca- This defect can be singly or doubly charged and 
produces acceptor levels at 0.38 and 0.85eV above the valence band. These defects are 
extremely effective as hole traps and can lead to the degradation of the hole transport 
properties in CdTe. This has led to much work being done by the crystal growers in 
order to eliminate cadmium vacancies . However even in the best CdTe, Vca occurs at 
a concentration o f 10^ "^  to lO^^cm'  ^ Rather than eliminate the vacancies, 
compensatory doping with impurities such as chlorine has been used with much
f9)success .
3.2.2 Electronic properties of impurities
CdTe can be doped with impurities to change its behaviour. It differs from 
silicon and germanium however in that a single elemental dopant can behave as either a 
p- or n-dopant. This is primarily to do with the impurity atom replacing either cadmium 
or a tellurium atom in the CdTe lattice. Secondary effects come from impurities being 
implanted as interstitials. Tertiary effects are produced from impurities occupying
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ordinary lattice sites but next to a cadmium or tellurium vacancy. This results in a 
somewhat complex set of effects. For example, indium is an effective donor dopant if 
the CdTe is grown with excess tellurium. If the CdTe is grown with excess cadmium, 
the indium becomes an acceptor dopant. In both cases, the induced mid-gap levels are
shallow and hydrogenic and lie at about 20meV. Aluminium behaves in a similar way
(io)
Transition metal impurities tend to be detrimental to the charge carrier 
mobilities. This is because they produce very deep level traps for both holes and 
electrons. Copper is particularly good at producing radiative recombination centres in 
CdTe leaving its carrier properties greatly compromised. The avoidance of copper 
contamination in the production of CdTe is therefore of great importance
A set of impurities that produce complex effects are the halogens. Chlorine is 
one o f the most common impurities to be used as a dopant in CdTe. This, as has been 
mentioned, is due to its ability to reduce the effects o f cadmium vacancies. It is 
particularly used in making high resistivity CdTe that has been made by the travelling 
heater method In this case it is a compensatory dopant and it is suggested that it 
helps remove the effect of cadmium vacancies previously described. It does so by 
migrating towards the Fed sites but reportedly does not occupy them but sits as an 
interstitial next to them. In doing so, it presents an acceptor level at 140mev. The 
resulting material is very slightly p-doped with resistivities around lO^Hcm. This is an 
example o f a doping complex. Here one species interact with another, in the 
semiconductor, to produce a characteristic type of doping centre that is distinct from 
either o f its precursors
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4. The Growth and Electro-physical properties 
o f Cadmium Telluride Radiation Detectors
4.1 The use of Cadmium Telluride in X and y-ray 
spectroscopy
Let us now discuss the use of CdTe in its most common form, that is single 
ciystal detectors, several mm’s across, usually in the form of cubes. Such pieces of 
CdTe and its derivative cadmium zinc telluride (CZT) are very frequently used as 
ionising radiation detectors. The CZT detectors used for this work were supplied by 
eV Products, and were all of sufficient quality to be useful as energy dispersive 
spectroscopic devices. Other poorer grades could be acquired that simply responded to 
a sufiSciently energetic y-ray, without relaying any information about its energy, these 
are known as counter grade detectors.
The CdTe detectors were supplied by Eurorad, and were of spectroscopic
grade.
4.2 Fabrication
High purity single crystal semiconductors, such as silicon and germanium, are 
grown from the melt at atmospheric pressure under an inert atmosphere. This is the 
classic Czochralski method. Here a seed crystal, mounted on a cooled carrier, is 
lowered into a rotating silica crucible, containing the molten semiconductor, until 
contact between crystal and melt occurs.
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The molten semiconductor is held just above its melting point so that contact 
with the cooled seed crystal initiates growth down into the melt. The seed crystal is 
withdrawn up from the melt at precisely the same rate at which downward crystal 
growth occurs. The speed of withdrawal is such that the growing face of the crystal 
(boule) is just wetted by the meniscus of the molten semiconductor. This combined 
with the temperature control ensures that equilibrium conditions exist, that just favour 
growth over dissolution. This is important in ensuring that the resulting boule is a 
single crystal, free from dislocations, vacancies and interstertials. A schematic of the 
process is shown in fig.4.1.
Cooled
carrier
Boule
Furnace wall
I Growth zone
Melt
Rotating plinth and 
crucible
Fig 4.1. Czochralski boule 
growth.
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The simplicity of the process depends on the simple property of silicon and 
germanium in having a low vapour pressure at their melting points. Thus, it is possible 
to have a crucible of molten silicon in an inert atmosphere at ambient pressures without 
a large fraction of the melt evaporating and condensing elsewhere in the furnace. Any 
evaporation that does occur obviously cannot alter the composition of an elemental 
melt. Many other solid materials especially compound semiconductors do not possess 
these advantages. At the melting point of CdTe (1315 K) the vapour pressure above 
the melt is 0.65 atm^^\ a considerable pressure, well capable of transporting material at 
a rapid rate to any cool spots within the furnace. The vapour is also enriched in 
cadmium due to its greater volatility. Thus, the CdTe melt will be depleted of Cd, 
considerably upsetting its stoichiometric ratio.
In order to overcome the problems associated with the czochralski process, the 
CZT detectors used in these series of experiments were all grown by the high-pressure 
bridgeman (HPB) process, whilst the CdTe detectors were grown by the travelling 
heater method (THM).
For both processes, high purity polycrystalline CdTe and CZT are prepared by 
several zone refining techniques using standard procedures as used in refining silicon 
and germanium. Both the cadmium and tellurium can be prepared to semiconductor 
grades (1 part in 10  ^ impurity) by the standard approach o f pyrolysis of 
organocadmium and tellurium hydride precursors.
Mixtures o f the cadmium and tellurium, as close to being equimolar as possible, 
are loaded into semiconductor grade synthetic silica reaction tubes and are sealed 
under vacuum or a high purity inert gas filling. Zone heating by induction, vertical 
furnace or radiant heat to « 1300K initiates the reaction and subsequent purification.
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The sealed ampoule generates a sufficiently high cadmium overpressure to suppress 
disproportionation of the generated CdTe.
For zone refining to work, the impurities must favour dissolution in either the 
melt phase or the solid phase. The ratio of concentration for a particular impurity 
between the melt and the solidus is termed the segregation coefficient. Segregation 
coefficients for impurities, in CdTe, are generally favourable. This leads to a high 
purity first stage product. It must be remembered that this crude CdTe may be pure 
with respect to impurities, but the stoichiometric ratio may be slightly in favour of 
either cadmium or tellurium. An excellent stoichiometric ratio of, say Cd 0.9999  Te 1.0001 , 
behaves as a semiconductor with a doping concentration of tellurium of 10^  ^ cm 'f This 
is an enormous doping level, which would lead to an extremely low resistivity CdTe. It 
is unfortunate that CdTe is self-doping through cadmium and tellurium interstertials, 
but it is a problem shared with other binary and ternary compound semiconductors.
Melting Repeated sweeps
Moving heat source
Molten zone Freezing
Fig. 4.2. Simple zone refining
Segregation coefFicient >1
A
Movement of 
impurities
Segregation coefficient <1
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4.2.1 The High Pressure Bridgeman growth method
As stated before the relative ease by which high purity single crystal 
semiconductors such as silicon and germanium are made via the czochralski method 
depends on a low vapour pressure of the melt and an inability to disproportionate.
The high-pressure bridgeman process (HPB) was derived from the bridgeman 
process; which was itself developed for growing a variety of single crystal materials. In 
the bridgeman process, the material to be grown in placed in an inert refractory 
crucible, which has the form of a tall narrow cylinder. The internal base of the cylinder 
is conical with the apex downwards.
The crucible is positioned on a plinth, which can be raised up into a vertical 
furnace. The vertical furnace generates a thermal gradient within, with the highest 
temperature at the top. The crucible is raised to the highest part of the furnace, where 
the temperature is sufficient to completely melt the growth material. The crucible is 
then slowly lowered at a constant rate into the cooler part of the furnace, which is just 
below the freezing point of the melt.
The conical base o f the crucible acts as a nucléation zone for the solidification 
o f the melt; its small size usually ensures that a single crystal of the melt forms to 
initiate growth. As the crucible is lowered, the growth front derived from the single 
crystal moves up from the conical base until it encompasses the entire width of the 
crucible. The crystal growth front continues to the top of the melt, at which time the 
crucible has left the fiimace. The result is a single crystal of the material enclosed 
within a crucible.
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Problems associated with the bridgeman process involve contamination from 
the crucible, as the growth front touches the container walls, and polycrystallisation, if 
more than one growth point is initiated in the conical base.
Today one of the largest uses of the bridgeman process is in the production of 
single-crystal turbine blades for gas turbines and aircraft jet engines. Here purity at 
semiconductors levels is irrelevant and polycrystalline growth has been reduced by the 
complex design of the crucibles, which also act as the moulds for the blades 
themselves. A schematic of the process is shown in figure 4.3.
Vertical
furnace
Crucible
Growth Boule
High
temperature
Melt
 Freezing zone
Low
temperature
Descending
plinth
Fig 4.3. Simplified Bridgeman method of crystal growth.
Now of course this method of growth does nothing to overcome the problems
of a volatile and disproportionating melt material such as CdTe. However, the basic
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simplicity of the process has led to the high-pressure process. There are many 
variations to the process and the details for the CdTe growth are a commercial secret. 
However, enough is known from related high-pressure processes, such as ceramic 
sintering, synthetic diamond manufacture and hydrothermal quartz growth, to give a 
brief description
In HPB growth, the crucible becomes a totally enclosed vessel made of a 
refractory metal alloy, which possesses high tensile strength at elevated temperatures. 
This is known as a bomb, and is filled completely with the material to be grown. The 
bomb is lined with a thin layer of graphite or vitreous carbon, which acts to prevent 
corrosion of the bomb wall and contamination of the melt. Linings made of one of the 
platinum group metals or their alloys can also be employed.
The bomb fits tightly into a die, which is a large thick walled cylinder, made of 
tungsten carbide, tungsten alloy, or possibly, any one of the nimonic alloys. These 
materials are very hard and tough even at high temperatures, especially tungsten 
carbide. A piston made of a similar material fits into the die enclosing the bomb. The 
entire cluster o f bomb, die and piston is then fitted into a furnace. The furnace 
incorporates apertures that allow tapered tungsten carbide rams from the outside to 
pass into the interior, where they connect with the bomb cluster. The furnace and rams 
fit between the stages of a hydraulic press. The entire furnace volume is filled with 
argon or helium to prevent oxidation of the various tungsten carbide components.
In the case of CdTe growth, the pressure within the die is raised to lOOMPa 
(1000 atm) by the action of the hydraulic press on the piston. Boules are grown with a 
diameter of 40mm; thus a force of some 1201cN (12 tonnes weight) needs to be applied 
to the piston.
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The furnace raises the temperature of the cluster to the melting point of CdTe 
at lOOMPa. The thermal gradient for re-crystallisation is probably achieved by one of 
two methods. The first involves moving the furnace slowly upwards, away from the 
cluster. The second requires the furnace to have several individually controlled heating 
elements arranged vertically one above the other. Thermocouples attached to the 
outside of the die feed temperature information to a computer controlled power 
regulator that drives the heating elements.
In this way, by carefully ramping the power down in each heating element, with 
feedback from the thermocouples, it is possible to simulate a slowly moving thermal 
gradient within the furnace. This causes uniform crystal growth to proceed from the 
bottom to the top of the bomb.
Though the second method appears complicated, it does have the distinct 
advantage of requiring no moving parts within the furnace zone. Safety at these high 
pressures and temperatures usually requires the furnace and cluster to be buried within 
a considerable amount of armoured shielding; thus access to faulty moving parts could 
prove difficult. A schematic of this process is shown in figure 4.4.
The use of such high pressures during growth has several effects on the 
resulting CdTe. Cadmium loss from the melt is prevented, as the overpressure is so 
much higher than the cadmium vapour pressure. This not only improves the 
stoichiometry of the crystal; it also reduces the concentration of Cd vacancies (Fed) 
present. As was stated in the previous chapter, Vcd behave as doping centres in CdTe 
and therefore have profound effects on the resistivity of CdTe, even at low 
concentrations. The creation of vacancies is not energetically favourable at standard
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Fig 4.4. The High Pressure Bridgeman Process
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conditions, the free energy change, AG, being positive. At high temperatures the 
entropie factor, TAS, associated with the vacancies begins to dominate and AG 
becomes negative (eq 4.1).
AG = AH -TAS  (4.1)
This favours vacancy formation and their density increases with temperature.
The creation of vacancies by their very nature increases the volume of the 
crystal. If  this increase in volume, dV, is made to do external work in the system, by 
expanding against a very high overpressure, P, the enthalpy change, AH, can be made 
more positive than under standard conditions. This can reduce the entropie factor and 
render AG more positive thus inhibiting vacancy formation (eq.4.2).
AH = AU + P dV  (4.2)
The concentration of vacancies, [Vcd], is equal to the equilibrium constant, K, for their 
formation, such that,
^  = pcd] (4.3)
and as
AG = -R T L nK  (4.4)
the relationship between Va, temperature and pressure is.
The ratio o f [Fed], at an applied pressure P , to [Fcd]o at ambient pressure, Po, at 
the same growth temperature T, is given by.
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From this simple analysis, it can be seen that vacancy concentration decays 
exponentially with overpressure. However, the effect of pressure on vacancy 
concentration is very weak. Equation 4.6 suggests that a growth pressure of 1000 atm 
at 1315K for CdTe will reduce the cadmium vacancies by a factor of 10, with respect 
to growth at 1 atm. It is interesting to note that, although there are other contributory 
factors, HPB grown CdZnTe has about 10 times the resistivity of THM grown CdTe 
crystallised at 1 atm.
The result o f the HPB process, is a boule o f CdZnTe consisting o f several tens 
o f medium sized crystals. Inspection under infra-red allows volumes to be cut from the 
boule that are free o f gross defects and detectors to be made. The material used in 
detectors still contains precipitates of tellurium, dislocations, grain boundaries and 
stress zones. The resistivity of the best material is around 5x lO % cm
4.2.2 The travelling heater method (THM)
The THM combines the principles of zone refining with the addition o f the 
attributes o f solution growth processes. Solution growth is familiar as the method 
whereby a material is dissolved in a solvent until a saturated solution is produced. The 
solute does not react chemically with the solvent but is recoverable by removal of the 
solvent. Common examples of this process are the growth of salts, sugars etc. from 
concentrated aqueous solutions.
CdTe is not soluble in any liquid at ambient temperatures, with which it does 
not irreversibly react (e.g. conc. H N O 3 , Br2 in ethanol). However, CdTe is soluble at
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temperatures of «1000K in solvents such as molten tellurium, cadmium or indium 
The solvents are always liquid metals, by that one means that metallic bonding holds 
the solvent atoms together. Therefore, materials such as silicon and tellurium, which 
are non-metals in their solid state, are completely metallic when molten. This is due to 
the massive promotion of valence electrons across their molecular band gaps leading to 
an electron fermi gas holding together the positive ions. As solid CdTe behaves as a 
metal, in terms of its electronic structure at lOOOK, it is not surprising that such liquid 
metals wet and dissolve it. This is analogous to the dissolution of gold and silver in 
liquid mercury at temperatures below their normal melting points.
In THM, a silica boat, coated with carbon, is loaded with zone refined CdTe 
and excess tellurium. The boat is placed within a horizontal silica tube. The tube can be 
evacuated or filled with argon. More usually, the tube is connected via a capillary to 
another silica ampoule containing cadmium or tellurium. This second ampoule is 
heated independently of the silica tube, causing vapourisation of its contents. Thus, it is 
possible to grow the CdTe in the silica boat with an independently controllable 
overpressure of cadmium or tellurium.
The silica boat is heated uniformly to a temperature just below the melting 
point of tellurium. Additional heat from a movable heater melts the tellurium at one 
end of the boat. The heater is slowly moved down the length of the boat at a rate of a 
few mm’s per day. The molten tellurium slug within the boat is saturated with 
dissolved CdTe. The cooling end of the slug deposits CdTe onto the growing boule at 
the retreating end of the slug. The advancing hot end of the tellurium dissolves the 
polycrystalline CdTe and maintains saturation. Simultaneous zone refining ensures that 
excess tellurium and residual impurities are reduced in the single crystal boule.
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Fig 4.5. The Travelling Heater Method.
The THM produces some of the best single crystal CdTe from a 
crystallographic viewpoint. The boules are free from gross defects, dislocations and 
precipitates. They are also stress free and uniform. This freedom from opaque 
inclusions and stress, which causes a non-uniform refractive index, means that THM 
grown CdTe is used in infra-red optics. The resistivity of THM grown CdTe tends to 
be around lO^Qcm
4.2.3 Appearance and Structure
The detectors used in these experiments were all square prisms in shape with 
edges measured in mm’s. They ranged in size from 3x3x2mm to 10xl0x3mm. The
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CdZnTe detectors had gold planar electrodes applied to opposing square faces, whilst 
the CdTe detectors had platinum electrodes similarly applied.
The passive faces of the CdZnTe detectors had a specular polished appearance 
showing a dark blue grey lustre. This is typical of a semiconductor that has a its optical 
absorption edge in the infra-red (810nm) and a large refractive index (3 at 850nm) 
Obviously, the material is completely opaque at optical wavelengths. The CdTe 
detectors had a matte blue grey finish, indicative of a more involved surface 
preparation. A typical detector is shown in fig.4.6.
2-5min
Au or Pt electrodes
Passivated
surfaces
Fig.4.6 Appearance of a typical CdTe detector.
As far as is known the gold electrodes are deposited from an aqueous solution 
of gold(III) chloride onto the CdZnTe surface; the surface having been lapped and 
chemically etched before hand The detectors are then heated to 400K in an oven. 
According to the manufactures this heating appears to render the detector
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functional, by greatly reducing the dark leakage current under bias. Aspects of this 
phenomenon will be discussed in later chapters.
The process for the platinum electrode deposition is unknown, but it is 
assumed that the platinum is argon/xenon sputtered onto the prepared CdTe surfaces.
4.3 y-ray Spectroscopy
4.3.1 Procedure
MCA
+HV
y-ray
Shaping
amplifier
Charge
sensitive
pre-amplifier
CdTe detector
Oscilloscope
Fig. 4.7 y-ray spectroscopy
As has been described in previous chapters, y-ray absorption within a CdTe 
detector generates a plume of electron hole pairs within the semiconductor. In order to 
use the CdTe detectors for y-ray spectroscopy, these charge carriers must be swept
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from the volume of the detector by an applied electric field. The field is generated by 
the application of a bias voltage across the device via the metal electrodes.
As shown in fig 4.7, the bias voltage is applied to the detector via a lOOMfl 
resistor. The CdZnTe detectors were operated with a bias field of 100Vmm'\ thus a 
5mm crystal required 500V. The detectors were fitted into an earthed metal housing, 
which excluded all light. The ionising radiation entered the detector crystal through its 
cathode via a thin beryllium window. Beryllium, due to its very low Z is particularly 
transparent to ionising radiation.
The mobilities of the electrons and holes in CdTe are such that at this applied 
field the charge carriers are swept from the detector in about l//s. This charge pulse 
has frequency components that range from IMHz and up. This allows the high pass 
filter consisting of R  and C to convey the charge pulse to the charge sensitive pre-amp 
whilst blocking the dc bias voltage. The pre-amp is a low-noise high impedance JFET 
input charge to voltage converter. It responds to pulses with rise times between 20ns 
and 5p,s. As the pre-amp is effectively an integrator it must be reset between pulses or 
else one pulse will be superposed on another. In this case, reset is obtained by having a 
reset resistor in parallel with the pre-amp’s integrating capacitor. The time constant of 
this CR network determines the rate at which the output from the pre-amp decays. For 
this pre-amp the decay time is about 20ps. Consequently pulses with rise times o f this 
magnitude are not transferred to the shaping amplifier. The output of the pre-amp can 
be viewed via the use of a high speed digital oscilloscope. This allows a very precise 
inspection o f an individual pulse’s characteristics.
The shaping amplifier is a voltage amplifier combined with a bandpass filter. 
The band pass filter is characterised by a shaping time that can be set from 0.5 to 20|is.
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Any output from the pre-amp that does not possess these rise times are severely 
attenuated. Therefore, both low frequency 1/f noise and higher frequency shot and 
thermal noise are reduced. This is important, as the output of the pre-amp consists of 
1-lOmV signal pulses sitting on a background of «lOOmV p-p 1/f noise and «Im V p-p 
high frequency noise. In these experiments, the shaping time was set to 0.5ps and the 
voltage gain was set to 1000 V/V.
The output of the shaping amplifier is fed to a multi-channel analyser (MCA). 
This device simply histograms the pulses into one of 4096 channel according to their 
height. For example, a zero volt pulse is recorded in channel 1 and a lOV pulse in 
channel 4096. Intermediate pulses are recorded linearly in between. By using y-ray 
sources of known energy, it is possible to calibrate the channel number in terms of 
energy. Count rates at very low pulse heights are usually enormous and so as not to 
overload the ADC of the MCA, a lower level discriminator rejects all pulses below a 
set level.
Atypical y-ray spectrum, generated by a CdZnTe detector, is shown in fig.4.8. 
The nuclide used was "^^ ^Am, which emits, on a-decay, a mono-energetic y-ray of 
59.5keV and several characteristic x-rays of the daughter nuclide ^^Np.
The full width at half maximum (FWHM) of the 59.5keV peak is 4% and for a 
gaussian peak is a measure of the resolution of the system. I will not go into the 
statistics of the process that gives rise to the width of the peak except to say that a 
perfect CdTe detector, where all the generated electron-hole pairs are collected, would 
give a FWHM of 0.7% at 59.5keV. In comparison a thallium doped sodium iodide 
scintillation detector would have a FWHM of some 30%, whilst a silicon or 
germanium detector, cooled to 77K by LN2 , would have a resolution of 0.2%.
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The peak to valley ratio of the 59.5keV peak is =30:1. For higher energy peaks 
this ratio drops until at 662keV ( ’''^Cs), the ratio is a very poor 1;1. A "^"^ Cs spectrum 
is shown in fig.4.9. Note the extremely poor peak efficiency as compared with the 
lower energy spectrum.
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Fig.4.9. '^^Cs y-ray spectrum.
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4.3.2 Rise times giving electron mobility
Figure 4.10 is a simplified example of the typical oscilloscope trace of a pulse 
obtained from the pre-amp of a CdTe detector.
hole component
out
electron component
Fig.4.10. Signal pulse evolution from CdZnTe detector.
It can be clearly seen from the trace that two lines of different slopes represent 
the rising edge of the pulse. The steeper line is generated by the fast moving electron 
drifting to the anode of the detector. Once they have been collected, the slower moving 
holes generate the less steep part of the rising edge.
By using y-rays of low energy or alpha particles it is possible to cause electron 
hole production within a few tens of /mi’s of the CdTe surface. Thus if irradiation 
occurs through the cathode of the device one can be sure that the output pulse is 
caused by electrons traversing the entire thickness, d, o f the detector. The electron 
drift time, 4, was obtained from traces similar to fig.4.10, giving a direct measure of
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drift velocity, Vd. Assuming that the electric field within the device is uniform and is 
given by,
and V j = — , remembering ju^=— , then, 
d  t, E
By using equation (4.7) and various transit times, /u^  for electrons was 
determined to range between 800 and 1100 cm^V^s'\ These values are in the normal 
range for published values of /m for electrons.
Hole mobilities were best determined using optical stimulation o f charge 
carriers. This will be described in a later chapter.
4.4 Preliminary electronic and optical investigation
4.4.1 IV Curves
Once it was possible to repeatedly obtain y-ray spectra that replicated the 
results of the detector suppliers and of other workers in the literature, it was possible 
to focus in on the detector’s behaviour and high energy limitations.
A plot o f bias voltage against leakage current for detectors is universally seen, 
in the literature, as a method of obtaining the resistivity of CdTe. This allows a quick 
demarcation between “good” material with > 10% cm  and “bad” material with 
<IO^ ncm.
An IV curve can only define a resistivity if the plot is a straight line that passes 
through zero. Published IV curves were such straight lines and gave the impression
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that one was dealing with a nice well behaved ohmic resistor. Probably due to this 
“niceness” of plot it was stated that the contacts to the CdTe were ohmic. In fact, it 
was repeatedly stated in papers that not only were the contacts ohmic, but that such 
contacts were essential to the operation of the detectors
4.1.1.1 Ohmic Contacts
Here let us digress as to what an ohmic contact is. An ohmic contact is one that 
allows the free exchange of either electrons or holes between a semiconductor and a 
metal. Such a contact has no power of rectification and no appreciable voltage drop 
across it. Fig. 4 .II  shows a simplified band diagram of an idealised ohmic contact for 
electrons, under static and biased conditions.
The essential feature of such a contact is that there is no effective potential 
barrier between the fermi level of the metal and the bottom of the conduction band 
(Ec) of the semiconductor at the interface. On formation of such a contact, electrons 
from the metal are transferred to the semiconductor, this being due to the electron 
affinity o f the semiconductor. This causes alignment of the fermi level (Ep) between the 
semiconductor and the metal. The highly localised electron charge from the metal 
effectively generates a very thin degenerately doped n-layer at the interface o f the 
semiconductor. This drags the bottom of the conduction band to the fermi level. This 
band bending due to the uncompensated charge at the interface is o f a very short range 
and decays within a few tens of nm’s into the semiconductor.
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Fig.4.11 Ohmie Contact, (a) Zero bias, (b) Biased, (c) Inverse bias.
The bulk of semiconductor remains intrinsic with the fermi level sitting in the 
middle of the band-gap. These effects are expressed in fig 4.11 (a). The free exchange 
of electrons under opposing applied fields is shown in (b) and (c).
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Exactly similar arguments can be used for a hole ohmic contact, except in this 
case the fermi level of the metal is aligned with the top of the valence band (Ev) of the 
semiconductor.
It is the free exchange of charge carriers of a true ohmic contact that 
immediately seemed inconsistent with a fundamental requirement of a radiation 
detector, that is to have a very low leakage current in the absence of radiation. 
Remembering that dark leakage current is one of the largest sources of noise in any 
detector system. Indeed the ability of the contact to inject charge carriers into the 
semiconductor would seem to nullify the meaning of resistivity of the material.
Of course the IV characteristics of an ohmic contact onto a semiconductor are 
easily modelled in theory and give rise to what is termed space charge limited current, 
Jsc- The space-charge law gives Jsc as a function of fy as.
r
SC r.
V J
(4,8)
where d  is the device thickness and n, the charge carrier mobility A plot of (4.8) 
gives,
V
Fig.4.12. Space-charge limited current. 
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Even if one is to consider the trapping of charge carriers, the result is still a 
non-linear IV curve. This leads to the paradox that ohmic contacts do not produce 
ohmic behaviour, or conversely if one obtains a nice straight IV curve you cannot have 
ohmic contacts. Also, and much more telling, Jsc has a calculated value five orders of 
magnitude greater than the measured leakage current for a 2mm thick CdZnTe 
detector under a 200V bias.
4 .1.1.2 Schottky Barrier Contacts
From an a priori knowledge of how y-ray detectors should be designed it 
was always assumed that so called “blocking contacts” were used on the CdZnTe 
detectors. Blocking contacts, unlike ohmic contacts, can only receive charge carriers of 
a particular type from the semiconductor and not inject them. In other words they are 
rectifying contacts that conduct preferentially in one direction The simplest blocking 
contact is based on the Schottky barrier. This consists of a metal/semiconductor 
interface identical to that o f an ohmic contact. The difference in this case is that the 
work function of the metal is significantly greater than that of the semiconductor. Thus 
there exist a potential barrier, between the fermi level of the metal and the 
conduction band, Ec, o f the semiconductor.
Such a barrier is shown in fig. 4.13. Under forward bias electrons pass freely 
from the semiconductor and into the metal, the current is limited simply by the 
resistivity of the intrinsic semiconductor, fig.4.13(b). Under reverse bias the electrons 
in the metal are faced by a potential barrier, Only those electrons in the high energy 
tail of the fermi distribution are energetic enough to surmount ^  and be injected into 
the semiconductor. This is called thermionic emission and is almost invariant to the
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Fig.4.13. A Schottky barrier contact, (a) Zero bias, (b) Forward bias, (c) Reverse bias.
electric field applied across the junction. This is because the rate at which electrons are 
thermally excited over the barrier is dependent only on the height of the barrier and the
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temperature of the fermi gas in the metal. The value of this saturated thermionic 
current density, J st , is given by
(4.9)
y ykT ,
Where the effective Richardson’s constant, A*\ has the value of «120Acm'^K'^, for 
electron emission from a clean metal surface.
The actual reverse bias current, J r  is the sum of Jsi and the generation- 
recombination current density, Jgr, of the bulk semiconductor. 7gr is given by.
(4.10)
therefore.
J r = exp (4.11)
P jkT
where is the bulk resistivity of the semiconductor.
There are then presented two extreme IV characteristics o f the schottky 
contact under reverse bias. The first is where the thermionic emission current is very 
much larger than the generation-recombination current under readily obtainable value 
of V. This occurs when a schottky contact, with a low barrier height, is in combination 
with a large band-gap semiconductor. The second is when the thermionic current is 
smaller or comparable to the generation-recombination current, as when the schottky 
barrier height is larger. Both of these extremes of IV behaviour are plotted in fig.4.14.
In plot (a), the reverse current rapidly rises to the value o f J st and then
saturates. The slight increase in J r  is due to the voltage dependant J gr  and a small
contribution due to field dependant schottky barrier lowering.
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Fig.4.14. Reverse bias IV curves of a schottky- contact. (a)Thermionic emission dominated, 
(b) Generation-recombination dominated.
Extrapolation of the of the straight part of curve (a) to V=0 gives a value for 
the saturated emission current Jst-
Curve (b) is dominated by Jgr and only shows deviation from a straight line at 
very small values of Vr . If the value of J st is very small in comparison to J gr  it may be 
impossible to distinguish the schottky barrier contact from a pure ohmic resistor using 
IV data alone. If there is sufficient non-linearity, at small Vr, it is possible to obtain Jst 
by extrapolation.
Let us now look at a real CdZnTe IV curve.
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4.4.2 Large range IV experiment
4.4.2.1 Procedure
In this experiment a 3x3x2mm CdZnTe detector was connected to a precision 
voltage source via a lOOMO resistor. The voltage source could be swept from zero to 
1200V and could deliver a maximum of 20//A. The detector was kept at room 
temperature in a screened container that excluded all light. The leakage current was 
measured by an in-built picoammeter in the voltage source. For these measurements 
the voltage drop across the resistor was taken into account.
4.4.2.2 Results
This very simple experiment could be repeated many times and always 
produced a similar IV curve. Fig.4.13 shows such a plot. Errors are ±1% for both 
current and voltage.
As can be seen the leakage current rises almost linearly until about 900V, 
whereupon the current rises rapidly. This rapid rise in current is termed “detector 
breakdown”, though breakdown in a strict semiconductor physics sense is perhaps 
misleading. The transition from the linear behaviour to the breakdown region is not 
stable with respect to time. That is the current in the breakdown region fluctuates 
randomly over a period of several seconds with an amplitude of ±20%.
4.4.2.3 Summary
The first part of the IV curve is typical of the curves published in the literature. 
To within the errors of the experiment this part of the curve is straight and passes 
through the origin. From the gradient and dimensions of the sample, a bulk resistivity
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of 1.6x10^° Hem ±12% could be ascribed to the CdZnTe. This bein» well in range of
published values of 1 to 5x lO'" Hem.
The breakdown part of the curve is almost identical to that obtained when 
either a schottky barrier or pn diode is driven to breakdown under reverse bias An 
ohmic contact would not be expected to behave in this way with such low injection 
currents.
High Voltage Bias Curve for CdTe detector
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Fig.4.13.Typival IV curve of a CdZnTe detector, showing breakdown.
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It is possible to relate the avalanche breakdown voltage of a schottky barrier or 
abrupt junction pn diode to the band-gap and doping density of the semiconductor. A 
simple empirical relationship, given by Sze is,
^ = 6 0
,1 .1 , 10& (4-12)
where Ad is the doping density in cm'^.
If  it is assumed that the IV curve represents a schottky barrier breakdown at 
approximately 900V, then equ.4.12 gives a value for the active doping density of 
SxIO^'^cm'^ As will be confirmed later, the CdZnTe used in these detectors is virtually 
intrinsic. This means that either, through inherent purity or equality of donor and 
acceptor doping concentration (termed compensation). Ad is effectively zero. This 
would suggest that whatever the ‘breakdown’ shown in fig.4.13 is, it cannot be 
ordinary avalanche breakdown of a schottky barrier or abrupt junction pn diode.
Tunnelling breakdown can be ruled out on the grounds that even higher doping 
concentration of opposite type are required either side of the junction.
4.4.3 Micro-range IV experiment
The basic IV curve characteristics immediately suggested that the contacts to 
the CdZnTe detectors were anything but ohmic. The breakdown phenomena seemed 
indicative o f some form of rectifying contact. It was decided that it was imperative to 
focus into the IV curve, at values of Vr that were within a few hundred millivolts of 
zero, in order to see if any non-linearities consistent with a rectifying contact were 
present.
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4.4.3.1 Procedure
Again the CdZnTe detector was placed in a totally enclosed grounded 
enclosure which excluded all light. A precision multi-turn potentiometer connected 
across a stabilised voltage source provided voltage control. This allowed Fr to be 
controlled with a resolution of 100/iV. Fr was measured using a digital millvoltmeter.
As Fr  was never going to be large, the reverse current, / r ,  was expected to be 
of the order of femtoamps. Therefore a precision picoammeter was used. This was 
calibrated from traceable standards and could measure down to lOfA. Such extreme 
sensitivity required the implementation of low noise techniques. For example all 
equipment was star grounded to eliminate electrostatic induction and earth loops. 
Vibration or flexion of the screened coax cables was more than enough to overload the 
picoammeter. This was due to the tribo- and piezo-electric properties o f the solid 
polyethene dielectric within the coax leads. This was eliminated by placing the 
apparatus upon a vibration isolated optical table and allowing the leads to thoroughly 
relax, elastically, after set-up before commencing any measurements. It is also 
important to remember that CdTe is piezo-electric itself so the elimination of 
vibration is crucial at these levels of sensitivity.
4.4.3.2 Results
The first set of micro-IV curves is plotted in fig.4.14. In order to encompass 
the large range of the data a log-log plot is used. The straightness of the plot is 
remarkable with a least square fit of 0.9999. However note the small deviation from a 
straight line at the lowest values of Fr. It is possible to extrapolate the fitted straight 
line to zero volts. This is shown in the linear plot in fig.4.15, which has been zoomed 
into the origin. The extrapolation does not go through zero but intercepts the current
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axis at Ip A. For the 3x3x2mm CdZnTe used this amounts to a current density of
1.1 xlO'^Acm'^. If it is assumed that this equals Jst for a schottky barrier then from 
equation (4.9), ^  is equal to leV.
Other micro-IV plots also show deviation from a straight line when plotted on 
log-log axes, at small C-. Remember a straight line with a zero intercept will still plot as 
a straight line with log-log axes. However the intercepts are very small and negative 
giving a nonsensical value for Later attempts at micro-IV curves using a Hewlett- 
Packard parameter analyser gave straight line plots without any visible non-linearities 
at all.
Low Voltage Bias Curve for Gd(Zn)Te detector
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Fig.4.14.Micro IV curve of CdZnTe detector.
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Low Voltage Bias Curve for Cd(Zn)Te detector
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Fig.4.15 Micro IV plot focussed in on origin.
4.4.3.3 Summary.
The IV plots obtained are indicative of a leakage current through the device 
that is essentially controlled by the bulk resistivity of the CdZnTe. None of them are 
suggestive of any form of charge carrier injection which would be indicative of ohmic 
contacts. The micro-IV curves are tantalisingly suggestive of some form of contact 
barrier but, except on the one case detailed, fail to reliably give hard evidence for this.
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4.4.4 The effects of temperature on leakage current
In trying to assess whether a schottky barrier existed in the contact region it 
was decided to do a series of thermal activation experiments. Here the leakage current 
under a fixed bias was measured at a series of temperatures between 290K and380K.
As equation (4.9) indicates the thermionic emission over the barrier increases 
exponentially with temperature. Therefore a plot of against 1/T should
produce a straight line whose gradient is equal to -^g/k.
Unfortunately this is only true if the thermionic emission current is very much 
greater than the generation-recombination current. As has been shown, this is not the 
case, indeed the reverse is closer to reality. The generation-recombination current, J gr , 
is also strongly temperature dependent, with the thermal excitation of carriers across 
the band-gap, of the CdZnTe. The form of this temperature dependence is given by
(19)
J r = J or = C — — exp a
(4.12)
Where C is a constant. A plot o f ln(jR/Z^°) against 1/7” will then produce a straight line 
of gradient - E f ik  with a variable intercept proportional to ln(F), the bias voltage.
The consequence of this is that a thermal activation experiment becomes only 
sensitive to the band-gap of the semiconductor and not to the presence of any contact 
barriers.
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4.4.4.1 Procedure and results
The detector crystal was placed in the typical IV set-up used for previous 
experiments. The detector assembly was then placed in a simple cryostat consisting of 
a vacuum flask, an electric heater and a precision temperature sensor. A heat pipe 
connected to the detector housing provided a controlled heat leak to the outside. It 
was therefore possible to simply control the temperature of the detector by setting the 
power dissipated by the heater and allowing the temperature to reach equilibrium. By 
this rather crude method it was possible to control the temperature of the detector to 
within ±0.5K between ambient and 380K.
Once thermal equilibrium had been reached, which could take several hours, 
the leakage current was measured at four values of bias voltage, 0.3, 3, 30 and 300V. 
The results of this procedure are plotted in fig.4.16.
CdZnTe Leakage Current as a function of temperature
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Fig. 4.16 CdZnTe detector leakage current as a function of temperature
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From the gradient of the graph the band-gap for the CdZnTe was determined 
to be 1.5 leV±4%, well within accepted values
4.4.5 Photovoltaic Phenomenon
It was discovered that the CdZnTe detectors could behave photovoltaically. 
One of the detectors, in its light tight housing, was connected directly to the precision 
picoammeter without the application of any external bias. A ^^Fe source was used to 
irradiate the detector through the beryllium window of the housing. The ^^Fe source 
was used for two reasons. Firstly it was the brightest source of ionising radiation in the 
laboratory with an activity of 1.7x10^ Bq. Secondly the x-rays emitted had a very low 
energy of 5.9keV. This meant that 90% of the radiation would be photo-electrically 
absorbed within 1/urn of the front electrode of the detector. Thus a high concentration 
of electron-hole pairs would be created in the vicinity of one of the contacts.
The result of this irradiation was a current of 2.5pA. The experimental set-up 
and sense of the photo-current is shown in fig.4.17.
 ^  ^ ^electron
Picoammeter
Fig. 4.17. Photovoltaic experiment on CdZnTe. 
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The fact that a photo-current is generated is evidence for an internal electric 
field present within the CdZnTe detector close to the front electrode. This field would 
be capable of separating the photo-induced charge as in a solar cell. The field would be 
akin to the depletion layer field spontaneously generated in a pn or schottky barrier 
diode
However it is also possible for an ohmic contact to produce such a field, as 
shown in fig.4.11(a). The direction of the current, with electrons moving away from 
the contact, is indicative of the sense of the electric field within the detector as shown 
in fig.4.18.
Irradiation
________
-----------Ey
Fig.4.18 Putative energy band diagram of tlie contacts to tlie CdZnTe detectors, showing internal 
electric field under zero external bias, capable of producing photovoltaic properties.
4.4.6 Miscellaneous Investigations
The following are a series of ad hoc investigations utilising equipment already 
present at the University that help to complement the data collected in this work.
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4.4.6.1 Photoluminescence
As CdZnTe is a direct band-gap semiconductor, photo-excitation of carriers 
across the band-gap is followed by recombination and the emission light. This is known 
as photoluminescence.
The excitation radiation has to be more energetic than l.SeV, the band gap of 
CdZnTe. Therefore radiation with A,<800nm will cause the CdZnTe to fluoresce with 
radiation characteristic of the direct band-gap, in this case around 810nm. The direct 
band-gap ensures that the excitation radiation is almost completely absorbed within the 
first jum o f the surface o f the CdTe, thus this is very much a surface analysis method. 
The corollary o f this is that the fluorescence radiation is very strongly self absorbed 
within the CdTe leading to a very poor fluorescence efficiency.
In order to detect the weak fluorescence above the very much stronger 
excitation radiation it was necessary to adopt two methods to improve the signal to 
noise ratio. The first was to use an excitation radiation with a wavelength considerably 
different from the fluorescence radiation so that a combination of optical filters and a 
scanning monochromator could differentiate between the two. In this experiment an 
argon ion laser at a power of 200mW and a wavelength of 514nm was focussed down 
onto a sample of CdZnTe. The diffuse fluorescence radiation was collected by a 
condenser lens and passed through a sharp cut on filter that rejected radiation below 
600nm. The filtered radiation was then passed through a computer controlled 
monochromator and onto a silicon photodiode and pre-amp.
The second method is to use phase sensitive detection. Here the 514nm laser 
radiation was interrupted at a constant rate by means of an optical chopper. A signal 
from the chopper was fed to a lock-in amplifier that was also fed the signal from the
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silicon photodiode pre-amplifier. In effect the lock-in amplifier only amplified those 
signals that had a modulation frequency and phase equal to the chopped laser radiation. 
This enormously improved the s/n ratio, allowing //V signals to be reliably recovered 
from tens of millivolts of noise. A schematic of the set-up is shown in fig.4.19.
CdZnTe
sample
PC with ADC
Optical
Chopper
Lock-in
Amplifier
514nm
laser
radiation LensLens
Silicon
photodiode
Diffuse
fluorescence
Filter Monochromator
Fig.4.19. Basic photoluminescence set-up.
At room temperature the fluorescence of the CdZnTe consisted of a single 
peak at SlOnm with a FWHM of 20nm. As the sample was fitted into an optical 
cryostat it was possible to cool the sample to 77K with LN2 and still obtain a 
spectrum. This caused the main fluorescence peak to shift down to 755nm and the 
appearance of a broad band line centred at 840nm. This band is thought to consist of 
excitonic lines and donor-acceptor pair transitions (DAP) Briefly, an exciton is an 
electron-hole pair that at low temperatures can form a weakly bound spatially confined
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state During its brief lifetime the exciton can decay through various hydrogen like 
energy levels emitting sub-band gap radiation until it annihilates itself. However, the 
low resolution of this experiment coupled to the relatively high temperature of 77K 
allowed only the most intense emission line to be observed. DAP transition are 
common in compensated materials and are caused by the exchange of charge carriers 
between shallow dopants.
The use of a silicon photodiode precluded the experiment from observing 
fluorescence at wavelengths greater than 1130nm. Nevertheless, this would have 
allowed the detection of shallow donor and acceptor dopants, had they been present in 
a large concentration. The room temperature fluorescence corresponded to a band-gap 
of 1.53eV. The band-gap at 77K was 1.65eV with the excitonic and DAP band centred 
on 1.48eV.
4.4.7 IR Absorption Spectroscopy
The use of near and mid infra-read absorption spectrometers probed the 
CdZnTe for any unexpected absorption bands. A Fourier transform infra-red (FTIR) 
spectrometer scanned between 700nm and 5/mi, whist a scanning mid IR spectrometer 
scanned from 5 to 20/mi.
In order to enhance the probability o f detecting any absorption bands it was 
necessary to use the detector crystals that would give the longest optical path length. 
Therefore the largest 10xl0x3mm crystals were used, fitted into an aluminium holder, 
so that the spectrometer’s sample beam would traverse the longest edge. The
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aluminium holder prevented any of the sample beam from bypassing the crystal around 
its sides.
Extensive scans of both wavelength ranges, at room temperature, only revealed 
the fundamental absorption edge of 810nm due to the band-gap. The rest of the scans 
were entirely featureless. External transmittance in the featureless region approached 
80%. Considering fresnel losses at both the front and back surface of the crystal this 
represents a value for the absorption coefficient, a , of less than 0.1cm '\
The lack of any absorption features would seem to rule out the presence of any 
mid-gap states or deep level doping existing in very high concentrations >10^^cm'^, 
assuming a radiative capture cross-section per dopant or defect o f lO'^^cm^ 
Admittedly, absorption spectroscopy is not a very sensitive method for detecting 
dopants or optically active defect states, but at least gross doping and defect states can 
be ruled out.
4.4.8 SEM Microprobe analysis
In order to try to understand the structure of these detectors a damaged 
CdZnTe crystal was probed using a scanning electron microscope. Characteristic x- 
rays from the raster scan of the SEM allied to an energy dispersive x-ray spectrometer 
allowed elemental analysis o f the detector. This microprobe analysis had a sensitivity of 
0.1% for elements with a Z greater than 6 (carbon).
The detector crystal, which had suffered a conchoidal fracture to one comer, 
was cleaved in atmosphere to reveal a chemically representative surface. The cleaved 
surface included a contact/CdTe interface.
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The crystal was placed on the SEM stage, cleaved surface uppermost, without 
any coating o f gold or carbon. Imaging was simple and straight forward with no 
tendency o f the sample to charge up and cause image blurring. This was a fine example 
of a high resistivity semiconductor displaying excellent carrier mobilities for injected 
electrons (i.e. from the scanning beam).
Elemental analysis of the bulk of the detector showed the following 
composition, in atomic per cent,
Cd: 44at.% Zn; 6at.% Te; 50at.%
The gold contact was confirmed to be about 5/mi thick and 100% gold. 
Moving into the CdTe, gold was found in concentrations of up to 2% within the first 
/rni o f the contact. Chlorine was also found in this area. Gold concentration dropped 
below the level of detectability (0.1%) within 5/mi of the contact. Traces of aluminium 
were also found in this area. It was felt that this was probably a residue of the 
aluminium oxide abrasive used to lapp the CdTe before electrodes were added.
4.5 Discussion
The previous preliminary experiments portray a series of contradictory traits 
present in the CdZnTe detectors. We have IV curves that generate bulk resistivities 
entirely consistent with published values but whose shape is inconsistent with ohmic 
contacts. The IV curves suggest non-injecting contacts with the photovoltaic 
phenomenon supporting this. However the IV data implies that any barrier if present is 
at least leV  high so as not to dominate the leakage current of the detector.
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Several sources for the schottky barrier height between gold and CdTe give 
values for ^  between 0.7 and 0.8eV These values would produce leakage currents 
in the detector about 1000 times greater than measured. The barrier would be self- 
evident by the extremely non-linear IV curves produced, with its height being easily 
ascertained by the thermal activation experiment.
The breakdown voltage implies very high doping levels whereas the resistivity 
suggest an intrinsic semiconductor. Certainly, photoluminescence suggests a 
compensated material that would behave as if it were intrinsic. Infra-red absorption 
spectroscopy and the SEM analysis do not support the presence of very high doping 
concentrations.
It was therefore felt that some basic and trustworthy experiments should be 
performed on the CdZnTe detectors in order to elucidate their structure. The first of 
these was to reliably measure the bulk resistivity o f the CdZnTe without relying on the 
somewhat dubious nature of the contacts.
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5. Determ ining the Resistivity o f Cadmium  
Telluride Radiation detectors
5.1 Usual Methods
The resistivity of a semiconductor is usually determined by what is known as 
the ‘four point method’ Here a constant current is injected into a bar of the 
semiconductor under test, by two widely spaced electrodes. The current density is kept 
low so as not to inject an excessive number of charge carriers into the semiconductor 
should the contacts happen to be ohmic.
Two more closely spaced electrodes sit between the injecting electrodes along 
a common line. These sense electrodes are connected to a very high impedance 
voltmeter whereby the potential between them is measured. As no current is drawn by 
the sense electrodes, any voltage drop due to a contact resistance is avoided. Contact 
potential due to schottky barrier formation is not avoidable. However as this is 
invariant to the current density, an IV curve will only have its intercept altered and not 
its gradient by a contact potential; the resistance being obtained from the gradient.
One now knows the voltage drop along a known length, L, o f the 
semiconductor for a given current density, remembering J=E!p^  ^ one can determine p .^ 
The basic method is shown in fig.5.1
For other geometries, such as thin wafers of material, there are a number of 
geometrical corrections to be made concerning the thickness of the wafer, its overall 
diameter, electrode spacing etc.
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Voltmeter
Current source
Fig,5.1. Simplified four-point resistivity measurement.
This method was unsuitable for the CdZnTe detectors for a number of reasons. 
Firstly, none of the detectors had a suitable geometry. Wafers of the material were not 
available and usually material was only known to be useful as a detector once it had 
actually been made. Thus, it was impossible to do a retrospective measurement. 
Secondly, the detectors had a large amount of their surface covered in gold electrode. 
Therefore, for most orientation a shorting metallic conductor would totally nullify the 
result. Thirdly the uncoated passivated surfaces of the CdZnTe were not known to be 
representative of the bulk of the material. In fact for optimum device performance, the 
uncoated surfaces should be doped with very deep trap levels to reduce carrier 
mobilities almost to zero. This has the effect of sealing the interior of the detector from 
any detrimental external effects such as surface leakage currents that can run between 
the gold contact electrodes. Probe contacts to these surfaces could then be presented 
with surface impedances equal to or greater than the input impedance of any 
practicable voltmeter resulting in erroneous readings.
It may have been possible to cut up the detectors and re-polish them so that 
they were amenable to a four point test, but this was seen as somewhat destructive to a
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series of functional detectors that were on loan to the university. In addition, 
subsequent experimentation on the detectors would have been curtailed.
What was required was a method for measuring the bulk resistivity of the 
detectors without using uncharacterised contacts or irrevocably destroying the 
detectors.
5.2 Induction Method
The concentration of free carriers, in combination with their mobilities, is what 
gives rise to the conductivity of any solid. The fact that electrons and holes drift with a 
velocity proportional to an applied electric field is indicative of an energy loss process 
occurring. This is normally termed ohmic heating and gives the material in question a 
real impedance. The question asked was would it be possible to detect the movement 
o f the free carrier fermi gas if a CdZnTe detector was immersed in an alternating 
electric or magnetic field.
At first an experiment utilising the eddy currents induced by an ac magnetic 
field was considered. Experts in eddy current imaging, at the University, said it could 
be done, but if the CdZnTe had a resistivity around lO^^Dcm this would require a 
sample of CdZnTe about 1km thick! Clearly, this was absurd.
It was therefore decided to use an alternating electric field to induce ohmic 
currents to flow within a sample. The basic premise was to induce an ac current within 
the CdZnTe by capacitively coupling to it via an alternating electric field.
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Briefly a perfect capacitor has an imaginary impedance with the induced current 
leading the applied ac voltage by %!2 radians. Replacing the perfect dielectric of the 
capacitor with a semiconductor with ohmic conduction introduces a small real 
impedance into the system As a consequence the induced current leads the applied 
potential by less than %!2 radians. The altered phase angle should relate to the bulk 
resistivity of the semiconductor.
The advantages of inducing an ac current to flow within the semiconductor, by 
capacitively coupling to it, are as follows. Firstly, excess charge carriers cannot be 
injected into the semiconductor and thus alter its resistivity. Secondly, if the direction 
of the alternating electric field is perpendicular to the metal contacts their bulk 
resistivity is added arithmetrically to the bulk resistivity of the CdZnTe. Gold has a 
bulk resistivity of 4xl0'^ncm , the addition of this negligible resistivity to the lO^^flcm 
of CdZnTe means that the gold contacts effectively disappear from the circuit analysis. 
Therefore, one can measure the bulk resistivity of a detector without removing the 
electrodes or altering it in any way.
5.2.1 Theory
The equivalent circuit o f a CdZnTe detector immersed in an alternating electric 
field is shown in fig.5.1. Note that the detector is isolated from the circuit by gaps. 
These gaps are filled in practice by a very high resistivity plastic such as polyimide 
(/7e>10^^nom). Cd and Rd are the detector’s self-capacitance and resistance 
respectively, whilst Q  is the coupling capacitance across the insulated gaps.
81
5. The resistivity o f Cadmium Zinc Telluride
CdZnTeK
y /
}gap
u
ir  1r 1r  ^r }gap
Fig5.2. The equivalent circuit of a CdZnTe detector immersed in an ac electric field.
The impedance of the detector crystal, Za, is given by.
In order to separate the real and imaginary parts multiply by ZaVZa*
joC jR j
(5.1)
R ,  . coCfi,
l + jo )C ,R ,  l - j & C A  l + { a C , R j  \ + { c o C , R j ’
(5.2)
The total impedance of the system, Z t, requires the addition of the series 
impedance o f the coupling capacitance, therefore.
~ J
R. (5 ,3)
y
The phase angle, (j), between the applied voltage and the induced current is 
given by the argument of the complex impedance, Zt, thus.
82
5. The resistivity o f Cadmium Zinc Telluride
for Zj. =a + jb, tan (j)
a
(5.4)
Therefore, inserting equations (5.3) into (5.4), with simplification gives.
tan^ =
^ o)C ,R / ^  2
\ + {coC ,R j oyC,
\ + {œC^Rd) 
R.
2\
—  coC^Rj 2+ (5.5)
It is easily achieved in practice to make the coupling capacitance very much 
greater than the detector self capacitance. Therefore with the condition that Cc»Ca, 
equation (5.5) becomes,
tan^ = cûCjR^ + (5.6)
It can be easily proven that, for a detector of cuboid shape, CdRd -  %  Thus 
equation (5.6) becomes (with a slight rearrangement).
ry tan^ = co^ sp^  +
2
(5.7)
Thus a plot o f CO tan^ versus oo should give a straight line with a gradient equal to sp^. 
As the absolute permitivity of CdZnTe, s, is known, p  ^can be determined.
5.2.2 Equipment
The equipment was required to meet three objectives. Firstly, to provide a
uniform sinusoidal electric field in which to place the detector. Secondly, to measure
the induced current flowing through the device, to buffer and amplify this signal and
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feed it to an oscilloscope. Thirdly, to provide a temperature controlled environment 
from which all light and extraneous electrical noise was excluded.
From the previous theory, it was known that if the detectors presented a 
resistivity of around lO '^^Hcm, the frequency domain required for the experiment 
would range from 0.1 to 200Hz. Such low frequencies coupled with a device 
capacitance measured in picofarads meant that induction currents would be of the 
order of picoamps. Thus, it was necessary to construct equipment capable of 
accurately following ac waveforms of this frequency and amplitude, without 
introducing leakage currents and phase shifts of comparable magnitude.
Fig. 5.3 shows an overview of the complete equipment set-up.
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C c(Z n)T e  sa m p le
P recH o i uhm h O i 
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S igna l e le c tro d e
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Fig.5.3. Schematic of the equipment requires for measuring the resistivity of CdZnTe.
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The equipment consisted of the following parts; the measurement head, the 
amplifier and the thermostatically controlled heater.
5.2.2.1 The Measurement head.
This consisted of two copper plates supported by glass reinforced plastic. 
These formed the plates of the measuring capacitor between which the CdZnTe 
detector fitted. The upper plate was connected to a signal generator that could supply 
a 30Vp-p sine wave at frequencies from 0.1 to lOOOHz.
The lower signal plate consisted of a 10x10mm square of copper surrounded 
by, but insulated from, a grounded copper guard ring. The guard ring constrained the 
electric field lines to flow normally through the CdZnTe. The signal plate was 
connected to ground via a precision low loss InF polystyrene capacitor. The function 
of this capacitor is to convert the induced current waveform -flowing through the 
measurement head- into a voltage that can then be fed to the ultra high impedance 
amplifier. The advantage of using a capacitor rather than a resistor is that the output 
voltage becomes invariant to the frequency being used, as the impedances of the 
measuring head and reference capacitor always maintain the same ratio, regardless of 
frequency. It is important to note that the output is shifted by 7i/2 radians by this 
capacitor; therefore (j)= 9- (7t/2), where 0 is the measured phase angle. This reference 
capacitor was housed with the amplifier outside of the heated enclosure.
The copper plates were overcoated with a 50//m layer o f polyimide, electrically 
isolating them from direct contact with the CdZnTe. The plates were held in 
compression against the CdZnTe by three nylon bolts pulling them together. These 
details are shown in fig 5.4.
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Fig.5.4. Connection to tlie measurement head
The phase angle between the applied voltage, Vsig, and the induced current, /, 
was the most important variable to measure. Therefore, in order that phase shifts due 
to parasitic capacitance, time delay etc. would not discriminate between Fsig and /, all 
signal routes were made identical. All coax lines were of ultra-low loss teflon insulated 
type. The current and voltage signals were taken from the measurement head at almost 
the same place and carried by coax cables of the same length to the dual amplifier. 
Both signal lines were terminated at ground with impedances matched as closely as 
possible.
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5.2.2.2 The amplifier.
The amplifier required careful design. It consisted of two identical Burr-Brown 
OPAl 11 operational amplifiers, used in a purely DC non-inverting configuration. This 
allowed the op-amp’s input impedance to be fully utilised. The PCB, upon
which the op-amps were placed, was made completely symmetrical so that both 
devices were surrounded by equal amounts of parasitic capacitance and inductance.
All inputs to the devices were via teflon coated coax and teflon PCB stand-offs 
to reduce leakage currents from other parts of the amplifier. Prior to installation, the 
populated PCB was thoroughly degreased with absolute ethanol and trichloroethene. 
Power to the amp was from an external regulated 12-0-12V-power supply. Extra on­
board RC filtering was included on the amplifier board to reduce any mains hum.
Op-amps always introduce phase shifts between their inputs and output. These 
shifts are usually a function of frequency but they can also be a function o f gain and 
output swing. It was therefore necessary to operate the op-amps with identical gains 
and output swings so that these phase shifts would cancel. The two op-amps were 
configured to give voltage gains of 100, using 0.1% high stability metal film resistors.
As the gains were fixed, the output swings could only be made identical by pre­
attenuating one of the input signals to the amplifier. This was done by introducing a 
balance potentiometer into the Vsig line to attenuate this signal until the outputs to the 
oscilloscope were identical in amplitude.
The bandwidth of the amplifier was a modest lOkHz, which was perfectly 
acceptable for this experiment.
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5.2.2.3 The thermostatic controller and heater.
The heater consisted of 30cm of nichrome wire wrapped into a planar spiral 
and cemented onto an aluminium plate. The nichrome wire was itself helically wrapped 
with 3m of enamelled copper wire. The copper wire was used as a resistance 
thermometer for the thermostatic controller. The reason for doing this was to reduce 
the time delay between power being dissipated by the nichrome heater and a 
temperature rise being detected by a sensor. This intimate connection of heater and 
sensor led to a time delay of only a few tens of milliseconds. This allowed the 
controller to be a rather simple error amplifier driving a power MOSFET transistor. 
The control thus effected was proportional DC with no AC transients to affect the 
sensitive phase amplifier. This is shown in principle in fig.5.5.
+5V m
Nichrome heater
Copper PTC sensor
power MOSFET
Temperature set
Fig 5.5. Simplified schematic showing the principle of control used in the thennostat
The electronic speed of response of the error amplifier is measured in 
microseconds. The pure thermal negative feedback from the copper PTC is so slow in 
comparison that the circuit would simply oscillate. This pole in the circuit response 
was removed by the use of a judicious amount of negative electronic feedback via a
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capacitor. The value of the capacitor was just sufficient to render the control stable 
without excessively slowing its response time. Noise pick-up by the PTC was removed 
by the use RC filters on the amplifier’s input.
The measurement head was directly cemented to the heater with a metal loaded 
epoxy resin to keep thermal resistance to a minimum. To this was attached a precision 
thermal sensor IC. This allowed the temperature of the head and sample to be 
measured with an accuracy of ±0. IK.
It was found that the thermostatic control was well capable of maintaining the 
measurement head at any temperature between ambient and 3 8OK, with a stability that 
was better than ±0. IK over a 24 hour period.
5.2.2.4 Miscellaneous Equipment
As shown in fig.5.3, the measurement head and heater were attached to a PVC 
tube some 20cm high, which contained the signal, heater power, PTC and thermal 
sensor, cables. The entire assembly was shrouded in a dewar flask and a grounded 
metal enclosure. Thus, thermal insulation, electrical screening and darkness were 
assured. Extra foam insulation reduced the air volume within the dewar flask thus 
suppressing convection currents. All the ancillary circuitry was housed underneath the 
enclosure in a grounded metal box.
The output of the amplifier was fed to two channels of a digital oscilloscope. 
This oscilloscope had the capability to directly measure the phase angle between two 
sine waves as well as displaying the frequency. What is more the oscilloscope was 
capable o f summing and averaging up to 10000 traces which resulted in an enormous 
reduction in noise and a concomitant increase in the accuracy to which the phase angle,
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(j), could be measured. The overall accuracy for both frequency and phase angle 
measurements was ±0.2%
5.2.2.5 Testing and calibration
A full sweep of the frequency range was performed without a CdZnTe detector 
being present. All outputs were set to equality and the phase angles measured. The 
phase angle was found to be 90° (ti/2), under all frequencies used thus giving 
reassurance that extraneous phase shifts had been cancelled out.
A test sample was made consisting of a lOOMfl resistor connected to and 
cemented between two 10x10mm squares of copper foil. The overall thickness of this 
sample was 3 mm and thus duplicated the physical size of a CdZnTe detector. The 
sample was thus known to possess a self capacitance and ohmic resistance between its 
two faces at least comparable to a real detector. On insertion into the experiment, the 
test sample immediately produced an easily measurable phase shift. A value for C&Rd 
was easily determined.
Interestingly the composite relative permitivity o f the sample could be 
estimated by the increase in signal voltage obtained on insertion. Using this figure and 
the value for Cdi^d gave a value for of 140MQ. This was reassuringly close to the 
correct value and the difference could be easily put down to the fact that lOOMH is 
quite a bit less than a real detectors resistance («5GO). Thus in order to get a 
measurable phase angle the operating frequencies had to be up in the kHz range where 
the performance of the op-amps showed a definite roll-off.
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5.2.4 Experimental Procedure and Results
5.2.4.1 Room Temp Conductivity
As is often the case, the actual acquisition of data from the experiment was far 
more straightforward than its design and construction. A 10x10x3mm CdZnTe 
detector, which had previously given good spectroscopic performance was used. A 
series of approximately 20 frequencies from 0.5 to 40Hz was applied to the detector. 
For each frequency about 1000 traces were sampled by the oscilloscope and averaged. 
Phase angles ranging from 49° to 83° were observed. Again, it was noted that upon 
insertion of the CdZnTe detector into the measurement head the induced current flow 
increased approximately by a factor of 10. This being entirely consistent with quoted 
values of Sr for CdZnTe of 10.5 to 11.
Using equation (5.7), a graph of the data is presented in fig.5.6. Linear 
regression gave a straight line fit with a correlation coefficient of 0.9996. The gradient 
of the graph coupled with the value of Sr gave a value of pe for CdZnTe of 
4 .5 x l0 “ n cm + l% .
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Fig.5.6 Non-contact resistivity plot for CdZnTe
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5.2.4.2 Bandgap Determination
As has been shown before in section 4.4.4, the rate at which the bulk resistivity 
of a semiconductor changes with temperature can be used to elucidate the bandgap of 
a semiconductor, providing there is not a large concentration of partially ionised 
dopants hovering close to the mid-gap position.
The bulk conductivity, a  (cp=l/pe), was determined, as in the previous 
experiment, for several temperatures between 290K and 385K. It could take 1 to 2 
hours to reach the higher temperatures, but once reached the temperature was held 
precisely.
A plot of In {dV'^) against MT is shown in fig.5.7. The straight-line regression 
has a correlation coefficient of -0.995. From the gradient of the graph, the energy gap 
was determined to be 1.55eV±3%.
10
Correlation C oeff.=-0.995
Bandgap from gradient=1.55eV +/-3%
E 10
-12
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Fig.5.8 The intrinsic conductivity of CdZnTe as a function of temperature.
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5.3 Discussion
The value of 1.55eV for the bandgap is immediately indicative of the absence 
of any partially ionised dopants sitting within the bandgap. Their presence would 
reduce the value obtained from the above experiment. The value obtained is entirely 
in keeping with the preliminary experiments of chapter 4. Published data for the 
bandgap of CdZnTe as a function of zinc content clearly states that for zinc 
concentrations of 6 at.%, as determined previously, the bandgap would be 1.55eV.
In addition, the clear variation of conductivity with temperature is not the 
behaviour o f a semiconductor doped with shallow donors or acceptors. Such a doping 
state would result in a semiconductor whose conductivity was almost invariant to the 
temperature range used in these experiments. This certainly points to the CdZnTe 
being intrinsic.
Allied to this is the value o f the bulk resistivity o f CdZnTe at 4.5xl0^^f2cm at 
300K. Let us theoretically determine a likely value for the resistivity o f intrinsic 
CdZnTe with a band-gap of 1.5 5eV at 3 OOK.
Firstly, the effective density of states for both the conduction band and valence 
band must be determined. Nc the effective density o f states for the conduction band is 
given by
(5.8)
where Me is the number of minima in the conduction band in reciprocal lattice space. 
For CdTe the electron conduction band is spherically symmetric and thus only has one
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minimum. Wde is the effective mass of the electron in CdTe and has a value o f 0.09/»e 
Nc therefore has a calculated value of 6.6xl0^^cm'^.
A similar expression gives the value for Ny, the effective density of states for 
the conduction band, thus,
=2
V
(5.9)
where m^ h is the hole effective mass and has a value of 0.83?We Ny therefore has a 
calculated value of 1.9x1 O^^cm' .^
The intrinsic carrier concentration, n{, is given by,
n, (5.10)
The resistivity o f a material in terms of intrinsic carrier concentration and 
mobilities is given by,
A  X (5.11)
Following through this calculation gives an intrinsic resistivity for CdZnTe of 
6 .3x lO % cm  at 3OOK. Published values for the resistivity of monocrystalline CdZnTe 
(that have been discovered) have never exceeded this calculated value.
Comparing the experimentally determined value of resistivity o f 4 .5x lO % cm  
with the theoretical value above, one can immediately realise that the material is very 
close to being intrinsic.
This irrefutable evidence for the CdZnTe being intrinsic has important 
implications for assessing the results that are described in chapter 4. The most
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important of these is that the leakage current in a detector is limited by the inherent 
resistivity of the CdZnTe, without significant injection from the contacts. As has been 
stated before such a non-injecting contact could be a schottky barrier but of a height 
not encountered before. This was a problem that needed to be resolved.
The opportunity now arose o f being able to visualise and measure the electric 
field present deep within the interior of a detector under bias. It was felt that this could 
reveal what the structure of this non-injecting contact could be.
95
6. The Electric Field within a CdZnTe detector
6. O bserving the Electric field within  
a CdZnTe detector
This investigation used the following two properties of CdZnTe. Firstly, CdTe 
and CdZnTe are specularly transparent to sub-bandgap radiation. Secondly, the 
refractive indices of CdTe and CdZnTe are linearly altered by the application of an 
external electric field. This is known as the Pockels electro-optic effect This 
phenomenon was used to visualise the electric field within a detector.
6.1 Infra-red microscopy
Although CdTe, due to its band-gap, should be transparent to the near IR, it 
was still remarkable to be able to observe the deep interior of these detectors by the 
use o f rather elementary equipment.
6.1.1 Equipment and Procedure
Referring to Fig. 6.1, a lOOmW LED radiating at 940nm, was used to 
illuminate a 3x3x5mm CdZnTe detector. The detector was held in a sprung loaded 
support upon an optical table. The IR from the LED was scattered by a diffuser to 
provide a structureless illumination. An achromatic lens was used to project the 
transmitted image, of the CdZnTe, onto a silicon CCD camera, which is sensitive to IR 
down to IlOOnm. An achromat was used because of its inherently small spherical 
aberration, when used in projection magnification, rather than its polychromatic 
imaging capability. A TV monitor displayed the resulting image. Permanent images 
could be recorded on a high bandwidth VCR. Magnification of x40 could be readily
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achieved. If the achromat was replaced with a microscope objective, magnifications of 
up to x500 could be reached.
940nm LED
Diffuser Achromatic Lens
Focal plane
CdZnTe
( t
High Bandwidth 
VCR
TV monitor
Fig.6.1 Simple Infra-red microscopy of CdZnTe.
Silicon
CCD
Camera
6.1.2 Results
Fig.6.2 shows a typical infra-red image of a CdZnTe detector. The right hand 
edge is one of the gold contacts. The edges of the detector are slightly rounded and 
this coupled with the high refractive index of 3, results in a slight focussing effect, 
which causes the dark boarder around the image. The interior can be seen to have a 
granular structure almost akin to the grain structure of a metal. The boundaries of 
these granules are however not sharp and the appearance is more mottled. From the 
SEM images, it is known that the surfaces of the detectors are optically smooth, 
therefore these are not surface structures. It is known from the transmission 
spectroscopy data that the material is very transparent. It is likely therefore, that the
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structure observed is to do with refractive index variation throughout the detector, 
rather than absorption effects. The refractive index of CdZnTe varies monotonically 
with the concentration of zinc therefore this structure could be associated with a 
variation in zinc concentration within the detector.
Te
precipitates
Fig.6.2. Typical transmission IR image of CdZnTe detector, x30.
Within the granular matrix, there exist a large number of very black inclusions. 
These range in shape from spheroids to long dendritic filaments. These structures are 
opaque to the 940nm IR used. Published IR micrographs show similar structures, 
where they are identified as tellurium precipitates Indeed elemental tellurium has a 
bandgap of only 0.3eV and therefore would be expected to be opaque at the 
wavelength used.
Other detector crystals have shown pronounced grain boundaries. In one case a 
detector used for y-ray spectroscopy generated two closely spaced peaks for every 
single y-ray emission energy. On IR examination, an enormous grain boundary was
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seen to divide the detector into two. Thus, the detector behaved as two separate 
detector in parallel, each with a slightly different energy response.
In general, it was remarkable that the majority of detectors functioned well as 
spectrometers, even though they were seen to contain a substantial amount of debris 
and in-homogeneities. In comparison, a germanium or silicon spectrometer would 
contain a piece of semiconductor that was a single crystal several cm’s across, with 
absolutely no crystallographic defects within it whatsoever and certainly no lumps of 
foreign material. This would suggest that CdZnTe is remarkably tolerant to physical 
imperfection whilst still maintaining effective electronic properties.
6.2 Measuring the internal electric field
6.2.1 Resumé of the electro-optic effect
Let us now briefly examine the electro-optic effects that allowed the ,E-field 
measurements to be made. There are two principal electro-optic phenomena; the Kerr 
and Pockels effect.
Generally, most isotropic materials that are transparent to radiation possess an 
isotropic refractive index. That is no matter which orientation a ray of light (light in 
this case is an abbreviation for any non-ionising radiation) traverses the material its 
velocity remain the same. In other words, the refractive index can be represented by a 
single value rather than by a tensor.
The application of an electric field to a material immediately introduces an 
asymmetry to the system. Both the Kerr and Pockels effect are displayed by the
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refractive index of the material becoming different depending on the direction that light 
traverses it. In fact, what becomes important is the angle that the electric vector of the 
electro-magnetic wave makes with the applied electric field. The material becomes 
biréfringent with an ordinary, n^ , and extraordinary, n^ , refractive index.
Of course, the direction of the EM wave’s electric vector is its plane of 
polarisation. Therefore, both the Kerr and Pockels effect are manifested by the velocity 
of light in the material being a function of its polarisation angle with respect to the 
applied field and the intensity of the applied field.
6.2.2 The Kerr effect
The Kerr effect is displayed by all transparent materials including liquids. 
Shown in fig.6.3 is an example of how the induced anisotropic refractive index 
differentiates between two light waves with perpendicular polarisation.
& 0 A
Transparent
medium
► Ho
Fig.6.3 The manifestation of the Kerr and Pockels electro-optic effect
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The applied electric field, Æ introduces an optical axis, OA, into the material. 
Waves, whose electric vector oscillates in a plane perpendicular to OA, propagate with 
a different velocity to those waves oscillating along OA. Thus, referring to 6.3, wave 
E \ propagates with a velocity given by the field free refractive index, n«; whilst wave E 2 
propagates with a lower velocity given by ne. Therefore a phase change, (j), will be 
introduced between the waves. For the Kerr effect, the change in refractive index is 
given by
/in == n, --ri, == (6 1)
This results in a phase change, (j), of,
4)== (6 .2)
Where Xo is the vacuum wavelength of the radiation, d is the length of the medium and 
K  is the Kerr constant for the medium.
As can be seen the Kerr effect is proportional to the square o f the applied field. 
Values of Æ for most materials are very small. Therefore, in order to achieve detectable 
changes in phase angle, fields o f the order of lOOkVcm'^ are required.
Electric fields of this magnitude would be difficult to achieve in a CdZnTe 
detector without a major breakdown.
6.2.3 The Pockels effect
The Pockels effect is only shown by a small minority of materials. These 
materials do not possess a centre of crystallographic inversion. This is a parity 
operation whereby a vector, r, designating every lattice point with respect to an origin 
of the system, is multiplied by -1. If  this operation leaves the lattice unchanged then
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the crystal has a centre of inversion. For a diamond type lattice, the only centre of 
inversion in precisely halfway between two lattice points. This is shown below in 
fig.6.4 (a).
-r
-r
Fig 6.4 The effect of an inversion operator on, (a) Diamond, (b) Zinc blende lattices. Cl is the centre 
of inversion.
The inversion leaves a diamond lattice unchanged. Diamond like lattice 
semiconductors, such as silicon and germanium, therefore do not possess the Pockels 
effect. As can be imagined, all amorphous solids such as glass and liquids have a centre 
of inversion; thus the majority of optical materials are unable to display the Pockels
effect. Luckily for this treatise, the zinc blende lattice (crystal group 43m) does not
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possess any centres of inversion. The operation, shown in fig.6.4 (b), inverts the lattice 
leaving it distinguishable from its previous form. Thus, all the zinc blende type 
semiconductors, such as most of the III-V s (GaAs etc.) and the II-V i’s (CdTe), 
display the Pockels effect.
The details of why the connection between centres of inversion and the Pockels 
effect holds are not important here It is sufficient to say that components of a 
tensor, modelling the Pockels effect, do not cancel for a non-centrosymmetric crystal, 
stressed by an electric field. Interestingly all materials displaying the Pockels effect are 
also piezo-electric, as has been inadvertently discovered for CdZnTe from previous 
experiments.
The Pockels effect is displayed by zinc blende crystals in precisely the same 
way as the Kerr effect as shown in fig.6.3. The change in refractive index due to an 
applied field is given by,
An = n , - n ,  (6.3)
which results in a phase change, (j), of,
^ = (6.4)
K
Where no is the field free refractive index and T4 i is the Pockels coefficient for zinc 
blende type crystals. The constant r i^ is one o f a set of Pockels coefficients derived 
from a tensor. Which value is chosen depends on the crystal type and orientation of the 
incident polarised light and the applied field.
It is immediately seen that the Pockels effect is linear with respect to the 
applied field, unlike the Kerr effect. Therefore, the rate of change of phase angle will
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be much greater at small applied fields for the Pockels effect than the Kerr effect. 
Coupled to this is the fact that Pockels coefficients are generally about 100 times 
greater than the equivalent Kerr coefficient. This results in a detectable phase angle 
change with applied fields of only 500Vcm'% some 200 times smaller than for the 
equivalent Kerr effect. Electric fields of this intensity are used to bias a detector when 
it is normally used as a y-ray spectrometer (lOOOVcm'^), therefore no problems were 
expected in using the Pockels effect to measure electric fields within a detector.
As an aside, the Kerr effect is present in non-centrosymmetric crystals, but 
under most attainable electric field strengths, the Pockels effect dominates.
6.2.4 Principle of experiment
In order to use the Pockels effect to measure an electric field it is necessary to 
detect and measure the induced phase changes. This is achieved by using the phase 
change to cause the amplitude of a transmitted infra-red bean to be modulated. Shown 
in fig.6.5, is the spatial arrangement of the an incident polarised infra-red beam, a 
biased CdZnTe detector and a polarising analyser that can perform this modulation.
The incident beam is plane polarised, with its vector E\ inclined at 45° to the 
direction o f the applied E  field within the CdZnTe detector. The incident beam behaves 
as if it were the vector sum of two orthogonal plane waves; one parallel and one 
perpendicular to the applied field. Of course, these components are identically phase 
coherent with each other before entering the CdZnTe.
As previously described the Pockels effect differentiates between these waves 
by retarding the horizontal component with respect to the vertical component.
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Fig.6.5 The Pockels effect rendered visible as an intensity modulation via the use of correctly 
orientated linearly polarised light.
The sum of the phase shifted components is in general an elliptically polarised 
transmitted wave. The degree of eccentricity being a function of the phase change. 
With a maximum phase change of k, the transmitted wave is rendered circularly 
polarised.
An analysing polariser can determine this state of polarisation by only passing 
the component of the transmitted wave that is parallel to its polarisation vector, P.. In 
order that small changes in electric field can be detected, it is necessary that the 
transmitted intensity rises monotonically with increasing field intensity. That is, if the 
applied field is zero the transmitted intensity is zero and so on. This can be achieved by 
rotating the polarisation vector of the analyser until it lies perpendicular to the
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polarisation angle of the incident radiation. Therefore under zero bias, the polarisation 
states are crossed and no radiation is transmitted.
The intensity of the transmitted wave through the analyser is proportional to 
the square of its electric vector, Ey. From malus’ law, for crossed polarisers the 
transmitted intensity, /, as a function of phase angle, (j), is given by.
(6 5)
v2y
7o is the maximum transmitted intensity and is conveniently measured with the 
polarisers uncrossed and the electric field removed. Defining 7o in this way is important 
as this eliminates absorption within the system that has nothing to do with the Pockels 
effect. Therefore finally from (6.4),
7 = 7q sin (6 .6)
Equation (6.6) directly relates the transmitted intensity o f light through the 
detector to the mean electric field along the optical path traversed by the light. 
Therefore, an experiment capable of simply measuring the ratio of 7/7o can determine 
the value of E.
6.3 The experiments
The electric field measurements were made on a set o f 3x3x5 CdZnTe 
detectors biased up to IkV. The experiment was split into two parts. First, a precise 
point-by point quantitative measurement along the length o f a detector. Second, an
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imaging experiment giving a semi-quantitative global view of the electric field within a 
detector.
6.3.1 General equipment
The experiments were based on a pneumatically suspended optical table and 
bench. With reference to fig.6.6, the CdZnTe detector was supported on a brass plinth 
overtopped with a layer of pure tin. The soft tin prevented scratching of the delicate 
gold contacts on the detector. A screw adjustable gold plated sprung contact held the 
detector gently but firmly against the plinth. The entire assembly was enclosed within a 
grounded aluminium shield. The shield possessed apertures through which the
interrogating infra-red beam could be passed. The sprung contact was electrically
connected to the grounded enclosure, whilst the brass plinth was connected to an 
adjustable HV supply via a BNC socket built into the enclosure. The plinth was
insulated from the enclosure by a 40mm long glass tube whose surface had been
degreased in order to provide at least 10 ^ £^1 of resistance.
The enclosure was bolted to an x-y micropositioner that was itself attached to 
the optical bench via a standard optical carrier. The micropositioner allowed the 
CdZnTe detector to be moved with respect to the interrogating beam by up to ±7mm 
in both the vertical and transverse directions with a resolution of 1/mi.
For both experiments, the ability to generate and analyse the polarised infra-red 
radiation was of paramount importance. This was achieved by using Glan-Thompson 
calcite polarisers. These can produce extremely pure polarised light well into the infra­
red, with extinction ratios o f 10^1 (the ratio of transmitted intensity between 
uncrossed and crossed polarisers).
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Fig.6.6 Screened enclosure allowing optical access to a CdZnTe detector.
6.3.2 Quantitative Point measurement
6.3.2.1 Equipment
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Fig.6.7 Schematic for the point-by point measurement of the electric field within a CdZnTe detector.
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Fig.6.7. shows the basic the basic experimental set-up. In order to probe the 
sample point by point it was necessary that the interrogating radiation was focussed in 
such a way that as small a volume as possible of the detector was sampled at any one 
time. Tight focus control could only be achieved by using laser radiation. Gaussian 
optics show that it is impossible to produce a coherent beam of light that is both 
narrow and of zero divergence; these two properties are contradictory. One can have 
either a wide, parallel beam or a highly converging beam that focuses to a very small 
waist. A compromise was therefore reached in which the laser radiation was focussed 
by a BK7 glass lens down to a relatively large focal spot of 20/an. This large spot size 
kept the divergence of the radiation low so that the radiation entered and left the 
CdZnTe detector with a diameter of 40/mi. This is shown for clarity in fig.6.8.
ik
IR laser 
radiation
Fig.6.8 Focal spot geometry within a CdZnTe detector
All the beam diameters were measured using a knife edge mounted upon a micro­
translator stage occulting the beam.
Now of course for the experiment to work at all, the radiation used must be 
sub-band-gap. However it could still be possible for sub-band gap infra-red to interact, 
albeit in a small way, with the detector. These interactions could be the ionisation of
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deep level dopants and the generation of electron holes pairs from compensating 
shallow dopants, these dopants would be unionised at room temperature. The last 
effect would occur most strongly for radiation close to the fundamental absorption 
edge. The generation of free carriers and ionised deep dopant sites by photo-ionisation 
would cause the CdZnTe to appear doped. Clearly this photo-induced doping would 
distort the electric field and complicate the result. In order to overcome these fears, it 
was decided to use a laser with a photon energy that was substantially less than the 
I.55eV band-gap of CdZnTe. A 3mW semiconductor laser was available that radiated 
at that is a photon energy of 1.03eV.
The output of the laser diode was polarised at 45° to the vertical by the calcite 
polariser and focussed onto the sample by the glass lens. It was still felt that the mean 
level of illumination should be reduced to as low a level as possible. This was achieved 
by pulsing the laser diode at full power with a very small duty cycle. The high speed 
pulse generator driving the laser produced pulses of 100ns duration at a repetition rate 
o f 50Hz. The mean level of illumination then became lOnW. If  it is assumed that 1% of 
the infra-red was absorbed by the detector (CdZnTe should be 99.9% internally 
transmissive at this wavelength), then this would be equivalent to a CdZnTe detector 
being irradiated with roughly 10  ^ y-ray photons per second from ^^^Cs source. This is 
well within the performance capability of a CdZnTe detector and therefore it can be 
said that the detector should behave as if it were in total darkness.
The transmitted beam was collected by another BK7 glass lens and passed 
through a second analysing calcite polariser. This second polariser was set at 90° to the 
first. The resulting transmitted beam was then detected by a germanium photodiode. 
Unfortunately silicon photodiode detectors are totally insensitive to infra-red of
no
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wavelengths greater than 1.13/mi and therefore a Ge photodiode had to be used for 
this experiment. This had a slightly worse signal to noise ratio performance than the 
available silicon photodiodes. The Ge photodiode was ac coupled to a high speed 
amplifier and the signal fed to a digital oscilloscope. As usual with monolithic 
photodiodes/high speed amplifier combinations, the resulting output pulse was directly 
proportional to the incident intensity of the transmitted beam. The oscilloscope was 
also connected directly to the pulse generator to form the elements of a phase sensitive 
amplifier.
6.3.2.2 Procedure
With the detector in place a series of measurements were taken without the bias 
field applied and with the polarisers uncrossed in order to determine precisely where 
the detector began to intercept the IR beam. All distances were measured from this 
point, which was the cathode of the detector.
The electric field measurements were made at intervals of lOO/rni and with a 
bias potential o f IkV. Each point measurement required the transmitted intensity to be 
determined with the bias voltage applied and the polarisers crossed to give I. Each 
point also required Iq to be measured, with the bias voltage removed and the polarisers 
uncrossed to give the maximum transmitted intensity.
The sensitivity of the experiment was greatly enhanced by using a form of 
phase sensitive detection. The digital oscilloscope was gated by a TTL trigger pulse 
from the pulse generator every time the laser diode fired. Therefore a trace of the Ge 
photodiodes output was recorded, regardless o f the intensity of the transmitted beam. 
The oscilloscope was operated in averaging mode whereby 500 consecutive traces 
were summed and averaged together. This allowed the recovery of unmistakable pulses
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from the Ge photodiode, which in single-shot mode would have been lost in the noise. 
It was estimated that with a signal to noise ratio cut-off of 5, the system could reliably 
detect 2 5 0 fl incident on the Ge photodiode. Therefore, each value of ///o  was 
determined by not less than 1000 measurements. In some cases, where the transmitted 
intensity was unusually low, up to 5000 measurements could be taken to improve the 
s/n ratio.
6.3.2.3 Results
Equation (6.6) was used to generate the values of E, the mean electric field 
across the thickness of the detector. The field free refractive index, n», was taken as 3 
and the Pockels coefficient as 4.5x10'^^ mV'^ both for a wavelength of l/rni A 
typical plot of the variation in electric field with distance from the cathode of a 
detector is shown in fig.6.9.
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Fig.6.9 The variation of E-field with distance from the cathode of a 5mm thick CdZnTe detector with 
a IkV applied bias.
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Translational errors were not more than 1/rm but the rather large beam 
diameter of 20-40/rm gave a more reasonable uncertainty in the distance 
measurements. The E-field calculation had associated with it an error of ±5%, which 
was derived from the s/n ratio of the final averaged trace from the oscilloscope.
The jagged appearance of fig 6.9 was entirely reproducible for a particular 
detector and a particular track and is a true reflection of the variation of light 
transmission through a detector on application of a bias potential.
6.3.3 Qualitative Imaging
6.3.3.1 Equipment and Procedure.
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Fig.6.10 Schematic for the imaging of the electric field within a CdZnTe detector.
The equipment was virtually identical to the imaging experiment described 
previously. The use of a silicon CCD camera precluded the use of the 1.2/rm laser,
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which was replaced by a 940nm LED. Though in any case coherent laser radiation is 
unsuitable for simple lens based imaging due to laser speckle overwhelming the image.
Calcite polarisers have a very narrow acceptance angle and therefore, in order 
to polarise effectively the broad angular output of the LED, an additional condensing 
lens was required. The diffuser had to be dispensed with as this would scramble the 
polarised light. The condenser lens somewhat made up for this by projecting a virtual 
source of polarised IR within a few mm’s of the CdZnTe detector. Again, a 
microscope objective projected a much magnified image onto the CCD through the 
second polariser.
Problems with the narrow viewing angle of this second calcite polariser led to 
its replacement with a ‘Polarcor’ polariser. This is a glass filter that behaves in a very 
similar manner to polaroid plastic. That is it has a wide acceptance angle but, unlike 
sheet Polaroid, it works in the infra-red. It has an extinction ratio of about 10  ^to 10"^ : 1, 
which is worse than for calcite but in this case this reduction in performance is not 
important.
The CCD camera was orders of magnitude less sensitive than the Ge 
photodiode/oscilloscope detector. Therefore, the level of illumination required to 
produce a reasonable image of the CdZnTe detector, under bias, was 2x10^ times as 
great as the single point experiment. In addition, the LED radiates at 940nm, which is a 
photon energy of 1.32eV. Therefore, this experiment was not expected to produce an 
^-field distribution comparable to the point by point experiment.
The output o f the CCD camera was fed to a high bandwidth video cassette 
recorder (VCR) and also to a TV monitor. The VCR was used to record the 
transmitted image as the bias field was applied. The VCR possessed full editing and
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freeze frame capabilities. This was used at a later date to feed selected images to a 
digital frame store. Here each image was converted into a 500x500 pixel, 8 bit data 
set. The digitised image was then converted by an algorithm incorporating equation 
(6.6) into a 2d map of the E-field distribution.
6.3.3.2 Results
Fig.6.11. Image of a CdZnTe detector under a IkV bias showing the internal E-field distribution.
The brightness of the image is proportional to the electric field strength. The cathode is on 
the right whilst the anode is out of view on the left. Incident illumination is 2mW.
Shown above is a converted image displaying the field distribution in a detector 
under a IkV bias. The detector is horizontal with the cathode on the right. The 
cathode is bounded on its immediate left by a thin bright region forming a vertical line. 
This is the region of highest electric field strength. This high field region developed 
from the cathode as the bias potential was increased. Initially it was very thin but its
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thickness increased monotonically with the bias voltage. On reducing the bias voltage, 
the high field region smoothly decreased in thickness until it disappeared at zero volts.
Moving through the crystal, from right to left, one can see a steady reduction in 
E-field strength. However the field is not uniform and clearly contains considerable 
structure. The more diffuse rectangular region adjacent to the high field zone is 
approximately 400/im thick. Affer this region, the field strength drops to below the 
level detectable by this method.
Numerical data obtained from the image indicates an E-field strength in the 
high field region of «1000Vmm‘\
The behaviour of the high field region and its growth from the cathode had all 
o f the properties of a depletion region growing from a non-injecting schottky barrier.
6.3.4 Unusual phenomena
6.3.4.1 Avalanche and plume effects.
The imaging experiment revealed a rather fascinating effect when the bias 
potential across the detector was raised until detector breakdown occurred at Hbr. As 
usual, the leakage current would rise to an unstable value of «20//A precisely as 
described in section 4.4.2. The IR image showed the high field region to grow steadily 
in width until Vbr was reached. At this point, the ‘depletion layer’ would begin to 
oscillate in width in complete synchronicity with the leakage current fluctuations. Small 
regions o f high field intensity were seen to detach from the depletion layer, when it was 
at a maximum, and move slowly towards the anode. The process was akin to the
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release of hot, buoyant plumes of fluid in a convection process. The whole process 
occurred within a time-scale measured in seconds.
6.3.4.2 Bistability.
In order to return the detector back to its normal biased state of minimal 
leakage current and a well-defined high field region, it was necessary to reduce the bias 
voltage to a level that was a fraction of Vb r . Once breakdown had occurred, the 
plumes of high E-fleld continued to be released even as the bias voltage was lowered. 
This hysteresis gave a bistability to the detector with two distinct modes of electric 
field structures for a given bias potential. It was noted that a brief exposure of a 
detector under normal bias to room lights could initiate breakdown and the flipping of 
the of the detector from its low leakage current mode to the high current mode.
6.3.4.3 Asymmetry in some detectors
It was noted in the y-ray spectroscopy experiments that some of the CdZnTe 
detectors only functioned with the bias applied in one direction. Other detectors 
functioned either way round. These asymmetrical detectors behaved somewhat as 
diodes, with leakage currents being 10  ^times as great in one direction as in the other.
On examining these detectors under bias, it was found that a high field region 
was formed in the normal manner in one direction with the usual undulating 
breakdown phenomena at Kbr. On applying a reversed bias, it was seen that no 
recognisable depletion layer formed at all, only a diffuse low field region appeared, 
extending over most of the width of the detector.
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6.4 Discussion
In comparing the results of these two experiments one must remember the 
difference in illumination levels used. The first experiment (fig.6.9) indicates a broad 
region o f the crystal, about 3mm wide, under a relatively uniform electric field. The 
second experiment indicates a much more confined and intense electric field.
The imaging experiment revealed how the high field region develops as the bias 
potential is applied. Simple qualitative observations revealed the spatial growth of the 
high field region with increasing bias. One would be very tempted to say that the 
growth of a typical depletion region was being observed, moving outward from the 
cathode. This of course requires the cathode to be a non-injecting contact and the 
semiconductor to be doped.
In this situation is this unexpected? We have a typical metal-semiconductor- 
metal arrangement with high field regions extending from the negative electrode. 
Reversal o f the polarity for symmetrical detectors does not change this observation. 
Assuming for the moment that this high field region is a true depletion layer, what does 
this say about the donor or acceptor concentration? Using basic semiconductor physics 
measurement of the thickness of this ‘depletion layer’ and the bias potential, 
indicate an ionised donor concentration of 10^ "^  cm'^. If such donors were ionised at 
room temperature one would expect bulk resistivities of the order of lO^flcm. This is 
at odds with the result from chapter 5 of 10% cm .
Therefore, these donors could not be ionised at room temperature, however as 
discussed before they could be susceptible to photo-ionisation. This suggests that the 
relatively high illumination levels used in the imaging experiment were responsible for
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this anomalously high donor concentration. The point measurement experiment (fig. 
6.9) shows a far wider high field region. This is qualitatively consistent with the far 
lower levels of illumination generating a lower concentration of ionised donors. The 
semiconductor then appears more intrinsic and, for the same bias potential, the 
depletion layer becomes thicker.
There are several candidates as to what these donor sites are, keeping in mind 
that they must generate energy levels within the bandgap that are sufficiently deep not 
to be excessively ionised at room temperature and yet shallow enough to be photo­
ionised by 1.3eV photons. As mentioned in chapter 4, cadmium vacancies (Vcd) and 
interstitials (Cdi) are reported to exist at concentrations of lO '^^-lO^^cm'  ^ with 
ionisation energies around 0.5-0.7eV. These concentrations are consistent with the 
depletion layer thickness measured under illumination.
All of the above, require the negative electrode to be selective in how it 
exchanges charge carriers with the semiconductor. A high field depletion layer cannot 
grow adjacent to a freely injecting metal electrode. In this case, electrons would be 
simply injected into the CdZnTe to neutralise the positive donor sites. However, the 
electrode must be able to accept electrons in order to sweep charge carriers from the 
depletion region.
The plume effects are a manifestation o f some sort o f breakdown phenomena 
that can only be associated with a rectifying contact under stress. Whether this stress is 
due to high field levels or the level of leakage current one cannot say at this point. The 
highest fields measured in the imaging experiment were lO^Vmm'% which is still 
considerably less than the breakdown field for CdTe at «5xlO'^Vmm'\ Resolving this 
problem by the direct optical probing of the contacts was required.
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7. Optical and Infra-red probing o f the 
contact/CdZnTe interface.
A series of related experiments were conducted that utilised the ability of 
optical and infra-red radiation to generate charge carriers within the CdZnTe detectors. 
The photon energy of the interrogating radiation could be set by the use of a 
monochromator, thus providing the ability to directly measure potential barrier heights 
within the detectors. Monopolar charge carriers could be expected from the contacts 
and bipolar charge carriers from the bulk of the detectors.
7.1 Photocurrent response with wavelength
7.1.1 Equipment
4 - y CdZnTe
detectorTungsten 
halogen source Monoclu-omator
Lens LensSecond order 
filter
Picoammeter
Fig.7.1 Basic photocurrent experiment
This simple experiment was carried out using the basic equipment described in 
chapter 6. Additions include a tungsten halogen source, capable o f emitting about 2W 
of broadband radiation from approximately 300nm to 2/rm. Source temperature was
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roughly 3000K with a typical black-body spectral distribution. Peak emittance was at 
1 jjm, determined with a monochromator and a thermopile detector. The 
monochromator was a self-contained device, utilising an 800 line per mm ruled 
reflection grating, as the wavelength dispersive medium. All of its internal optics used 
coated mirrors to reduce chromatic absorption and to eliminate chromatic aberration. 
With the 300//m entrance and exit slit apertures provided, the device was capable of 
selecting a wavelength between 650nm and 1.8//m with a FWHM resolution of 2nm 
Second order radiation from the diffraction grating was removed by a multi-layer 
dielectric filter attached to the monochromator. This filter had a steep cut-on 
characteristic at 900nm, only passing radiation with a wavelength greater than this. It 
could be quickly removed for the passage o f visible radiation.
A 5x5x5mm CdZnTe detector was used, in the heavily shielded housing 
previously described. This detector had provided excellent results when used as a y-ray 
spectrometer with a FWHM of 3.7% at 59.5keV, the best resolution of any of the 
detectors tested. The detector was also one of the group of detectors described as 
symmetrical in that they responded almost identically in experiments, which ever way 
the bias potential was applied. The large size of the detector greatly assisted handling 
and precise alignment of the interrogating radiation. As usual, the housing could be 
moved in an x-y plane, transverse to the optical bench, via the use of micropositioner 
stages.
The picoammeter as noted before was extremely sensitive and fully justified the 
use o f the shielded housing shown in fig.6.6, along with the usual attention given to 
removing all sources o f extraneous induced currents.
121
7. Optical and IR probing o f contact/CdZnTe interface
As the aim of this experiment was to measure photo-response current and not 
leakage current, the bias potential used was only lOV, instead of the 500V used for 
spectroscopic work. From the y-ray experiments it was known that charge 
collection efficiencies were reduced by a factor of between two and five at these low 
levels o f field, whereas of course, the leakage current was reduced by a factor of 50. 
Reassurance was thus obtained that an excessive amount of volume recombination of 
charge carriers or field dependent charge trapping would not distort the essential 
features o f the photocurrent response.
7.1.2 Procedure and Results
The focused output o f the monochromator was a vertical slit, 5mm high and 
300/mi wide. The detector crystal and housing were thus placed horizontally in order 
that the radiation would interrogate a thin transverse section of the detector. Any part 
of the detector could thus be selectively irradiated. Considering the incoherent source 
o f radiation used the focal slit definition was excellent with little evidence of blooming 
due to excessive spherical aberration. Defocusing the system allowed virtually the 
whole detector to be irradiated simultaneously.
Precise positioning of the radiation on the detector could be carried out with 
the monochromator passing visible radiation. As a reassurance, an anti-stokes 
phosphor, capable of fluorescing under near IR, could locate the position o f invisible 
infra-red. A CCD camera and TV monitor were also useful in this respects for 
radiation up to 1 lOOnm.
With the radiation intercepting the detector about halfway along its length, a 
rapid scan from 650nm to 1.8/rm was effected. It was quickly determined that the only
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region of response from the detector was around 810nm and it was here that precise 
measurements were taken. Scanning the radiation along the detector had little effect on 
the induced photocurrents nor did defocusing the radiation. In particular focusing the 
radiation down onto the contact/semiconductor interface produced a photoresponse 
indistinguishable from irradiating the detector in other areas. The dark leakage current 
measured with the all radiation sources turned off was 240pA±l% at a lOV bias.
A plot of the photocurrent is shown in fig.7.2. Errors are ±2nm for the 
wavelength selection and ±1% for the current measurement.
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Fig.7.2. The photo-response of a 5x5x5nun CdZnTe detector under a lOV bias. Ma.\imum incident 
illumination lOOnW.
7.1.3 Discussion
As can be seen in fig.7.2, the photoresponse peaks at 805nm, a photon energy 
of 1.54eV, with a response of 0.45A/W. The bandgap of the CdZnTe used was
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I.55eV. The rapid loss in response either side of this peak is rather typical of a surface 
passivated semiconductor, in massive form, that has not been specifically designed as a 
photodetector
At photon energies well above the direct bandgap, the absorption constant, a , 
is of the order of IO'^cm'\ Electron-hole pairs are generated almost exclusively within 
the first micrometre of the surface. This passivated surface provides an enormous 
concentration of recombination centres and consequently the charge carriers’ life time 
is of the order of nanoseconds. Therefore very few of the generated charge carries 
remain free to constitute a photocurrent.
As the photon energy, Eph, reduces, a , for a direct semiconductor, reduces as
Therefore the depth of charge carrier generation commensurately increases. 
Thus charge carrier life times tend to lifetimes measured in the bulk of the 
semiconductor. That is they are increased by at least three orders of magnitude This 
effect peaks very rapidly as photon energies tend towards the bandgap with a  reaching 
about 10cm'\ Once the radiation becomes sub-bandgap, a  should become zero. 
However Urbach edge absorption continues to provide a mechanism for bipolar 
charge generation. This effect itself is small and decays exponentially with wavelength, 
hence few charge carriers are generated. The photoresponse consequently drops off 
once the band edge at 800nm is passed.
It is interesting to note that the high energy photoresponse asymptotically 
approached a value o f photocurrent about four times greater than the dark leakage 
current. Whereas with low energy photons (Z>950nm, Eph<1.31eV), the CdZnTe 
detector becomes totally unresponsive to the radiation as far as this experiment could 
determine.
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7.2 Photovoltaic effects with wavelength
From the experiments in chapter 4, it was assumed that a potential barrier 
existed near the contact/semiconductor interface. It was also felt that a schottky barrier 
was the most likely candidate. The experiments with ionising radiation also showed 
that a weak photovoltaic effect existed, pointing to the existence o f an internally 
generated electric field. (The direction o f this photocurrent implied electrons were 
being ejected from the contact into the semiconductor.) It was hoped that this 
experiment would provide evidence for a barrier by photo-electrically exciting 
electrons from the metal into the semiconductor. The promotion o f electrons from the 
metal into the conduction band o f the CdZnTe would generate a diffusion current that 
could be measured. This is shown schematically in fig.7.3
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Fig.7.3. The proposed mechanism for photovoltaic current generation involving a simple schottky 
barrier contact
I f  it is assumed that the barrier height, is 0.7 to leV, then a photocurrent 
should be generated by radiation with a wavelength as long as 1.2 to l.ljum. In other 
words radiation incapable o f generating a biased photocurrent through valence to
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conduction band transitions should be capable of generating a photovoltaic current due 
to the presence of a contact barrier. Considering the reflectivity of gold at infra-red 
wavelengths (R>99%), it was expected that the photoresponse from the contacts 
would be weak and easily swamped by any leakage current induced by an applied bias 
field, hence the need to work in the photovoltaic mode.
7.2.1 Procedure and results
As this experiment naturally followed on from the first, the equipment set-up 
was virtually the same. The only difference was the removal of the lOV bias potential 
and the direct connection o f the CdZnTe detector to the picoammeter. The removal of 
the bias induced leakage current allowed the sensitivity of the picoammeter to be 
increased.
At first, the radiation from the monochromator was focused onto the detector 
in the region of either of the gold contacts. As stated before a BK7 biconvex glass lens 
could achieve a focal slit size 300//m wide. For extra resolution, an achromatic 
microscope objective lens could produce a focal slit 20-30jam wide, though at the 
expense of considerable divergence.
Preliminary scans o f wavelength were done using the larger focal size over an 
area including one of the gold contacts. Due to the lack of leakage current it was 
possible to set the picoammeter at a full scale defection (f.s.d.) of Ip A, and stably 
record zero when the detector was in total darkness. Considering the piezo- and 
thermo-electric properties of CdTe this was encouraging and it was expected that small 
photovoltaic effects would be detected.
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These first scans began in the visible spectrum and extended to 1.8/nn. An 
unexpected result occurred as the radiation approached 800nm, the band edge for 
CdZnTe; the picoammeter, which had been reading zero, went full scale. On reducing 
the gain o f the meter, a photovoltaic current of several hundred picoamps was 
recorded. Proceeding with the scan, the photovoltaic current peaked at about ten 
nanoamps at a wavelength of 803nm. Not only was the magnitude of the current much 
greater than expected but the peak of the response was in an unexpected place, that is 
at the bandgap of CdZnTe. Further increases in wavelength resulted in a rapid decline 
in photocurrent. No effective photocurrent was measured from 900nm to 1.8/nn.
Further detailed scans were taken from 900nm to 1.8 fjm in an attempt to 
detect any photoelectric emission from a contact barrier. Even with the picoammeter at 
a practicable maximum sensitivity of lOOfA f.s.d. (limited by noise pick up caused by 
temperature fluctuations due to air currents) no significant photocurrent could be 
detected. Special attention was paid between 1.2 jam and 1.7 /Ltm in an attempt to see 
any photoelectric emission but nothing was detected.
Repeating the above regime with the radiation focused onto different parts of 
the detector also failed to show any long-wave response to the radiation. However the 
peak photoresponse at 800nm showed a marked positional effect. Moving the radiation 
500 /jm away from the contact and into the bulk of the detector reduced the 
photocurrent, at this wavelength, by a factor of 130. Further movement saw the 
photocurrent drop to zero. It was shown that half way between the contacts no 
photovoltaic response could be elicited. On approaching the opposite contact a photo­
current did appear. In fact the response mirrored the behaviour of the other contact
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except in one, perhaps obvious detail, the photovoltaic current flowed in the opposite 
direction.
The positional response was repeated using the 20-30/mi focal slit size 
provided by the microscope objective, again at 800nm. The result was even starker 
with little or no photo-generated current when the radiation was applied more than 
30/im from either contact.
A high resolution scan around 800nm was taken with the 300/mi focal slit size 
in order to develop a photoresponse curve. The result is displayed in fig.7.4.
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Fig.7.4 The photovoltaic-response of a 5x5x5mm CdZnTe detector. Maximum incident illumination 
lOOnW, focused onto the contact/semiconductor interface.
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The response was similar to the photoresponse of the detector under bias. The 
major difference being that the photovoltaic current was about 13% that o f the biased 
photocurrent. Peak response was 0.06AAV. A minor but perhaps significant difference 
was that the photovoltaic effect was more peaked about the band-edge especially with 
regards to super-bandgap radiation.
7.2.2 Discussion
The presence of this striking photovoltaic effect occurring at the band edge of 
CdZnTe is absolutely indicative of an internally generated depletion region. The 
positional dependence of this phenomenon infers that the depletion region is associated 
with both gold contacts and occupies a volume of the detector not more than 30/nn 
from either contact. It is known that the bulk of the detector is intrinsic and therefore 
in order to provide sufficient band bending to generate a depletion layer regions of the 
detector must be doped. The direction of the photovoltaic current with electrons 
moving away from the metal electrode and into the semiconductor reveals the direction 
of the band-bending and the nature of the doping. A fuller explanation of the relevance 
of this experiment will be given in the general discussion at the end o f this chapter.
7.3 Laser induced photocurrents
Changing tack slightly it was felt that a phenomenon discovered whilst 
conducting the electric field experiments (chap.6) should be used to probe the CdZnTe 
detectors. The phenomena was the slight absorption of the sub-bandgap 940nm 
radiation used in the experiment. Rudimentary analysis had suggested that as much as 
5% of the 940nm radiation was absorbed in its transit through the CdZnTe detector.
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This absorption had nothing to do with the Pockels effect and excluded fresnel losses 
at the interfaces of the detector. Could this sub-bandgap absorption be generating 
charge carriers?. Attachment of a charge sensitive pre-amp to the detector in a set up 
identical to that shown in fig 4.7, as would be used in y-ray spectroscopy, indeed 
showed the production of bipolar charge carriers each time the LED was fired.
Replacing the LED’s output with pulsed laser radiation would allow the 
generation of charge carriers at a precise point within the detector and at a time 
controlled by the experimenter. This would be in complete contrast to using ionising 
radiation from a radioactive source which generates charge carriers at random points 
with the volume of a detector (within the envelope of an exponential absorption), and 
at random time intervals.
This sub-bandgap interaction was probably due to Urbach absorption, as 
described previously, and would have advantages over using super-bandgap radiation 
in order to generate charge carriers. As stated before, super-bandgap radiation would 
generate a very high concentration of charge carriers with the passivated surface of the 
detector. As shown in the section 7.1 the charge collection efficiency from this part of 
the detector is extremely poor even though the charge generation rate is high. The very 
high charge generation rate in itself causes problems due to volume recombination.
Conversely, sub-bandgap radiation would be capable of generating charge 
carriers uniformly right across the entire thickness of a detector, along the optical path 
of the laser radiation. Problems associated with both surface and volume 
recombination would be avoided.
Before using 844nm laser radiation in this way it was necessary to measure the 
refractive index and absorption coefficient of CdZnTe at this wavelength.
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7.3.1 The optical parameters of CdZnTe
The method used to measure the ordinary refractive index, n^ of CdZnTe 
depended on measuring the intensities of incident and fresnel reflected 844nm radiation 
from the clean surface of a detector. Fresnel reflection is not only a function of the 
change in refractive index across a boundary but also of the angle of incidence of the 
radiation. The reflection coefficient for all incident angles other than normal are also 
polarisation sensitive. By restricting the reflection to normal incidence, the entire 
experiment is simplified and made more accurate. The calculation o f no is also 
simplified, and polarisation problems are eliminated. For normal incidence, the 
reflection coefficient, R, is given by
Where It and R are the incident and reflected intensities respectively. The absorption 
coefficient, a , is related to I  and the transmitted intensity, R, by.
I  = (7.2)
Here d  is the thickness of the detector. Equation (7.2) applies to a medium that has an 
entrance and exit face and hence suffers frorn two fi-esnel reflections at each surface. If 
the medium has parallel faces, multiple reflections, between the front and back 
surfaces, can increase the transmitted intensity. Equation (7.2) can be modified to take 
account of this effect and becomes.
(7.3)
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7.3.1.1 Equipment
CdZnTe
detector
Temperature stabilised 
844nm laser, l.OOmW
50/50 dielectric beam 
splitter
Large area silicon photodiode 
detectors and amplifiers
Fig.7.4 Simple ellipsometric set-up for measuring the reflectivity and transmissivity of CdZnTe at 
a wavelength of 844nm.
The laser used in this experiment was specifically designed to produce a stable 
beam of radiation set at a calibrated power level of l.OOmW. An internal Peltier cooler 
maintained the laser diode at a constant temperature which stabilised both the output 
power and wavelength. Power fluctuations were stated as less than 0.2% of set output 
over 24hrs. Internal anamorphic correction optics rendered the output circular and 
parallel with a TEMoo gaussian distribution mode. Divergence was O.Smrad and the 
beam diameter between the He  ^ points was 2mm. The laser could be operated in 
continuous wave mode or pulsed at up to lOMHz using a TTL control signal.
A 50/50 dielectric beam splitter allowed the incident beam to strike the surface 
of the CdZnTe normally whilst at the same time allowing the reflected beam to be 
sampled. The dielectric coating together with an anti-reflection coating kept absorption 
within the beam splitter to below 1%. The beam splitter was of a type designed to have 
a minimum sensitivity to the polarisation state of the incident radiation. The exact
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splitting ratio of the beam splitter at 45° and 844nm was determined in a separate 
measurement using a large area silicon photodiode coupled to a DC-lOOkHz precision 
amplifier to accurately measure intensities. The same detector was used in the main 
experiment.
The active area o f the photodiode was lOOmm^ and was thus able to intercept 
easily all o f the laser radiation and avoid occultation losses. The output of the amplifier 
could be fed either to a digital voltmeter or to a digital oscilloscope. The specific 
sensitivity of the photodiode was 0.565AW'^±1% at 844nm. The detector/amplifier 
combination had eight switched levels of gain, ranging from approximately 2mWV^ to 
600nW V \ The dynamic range o f the system was approximately 4x10^.
7.3.1.2 Procedure and results
The laser was used in continuous mode without any extra focusing. The 
reflected radiation from both the front and back surfaces of the CdZnTe detector 
produced quite distinct images at the plane of the detector. This was due to the 
detector being slightly trapezoidal and the resulting wedge angle introducing a 
deviation between the reflected beams. This is shown schematically in fig.7.4. It was 
perfectly possible to arrange the photodiode to intercept only the primary reflected 
beam, /, and not the secondary beam, / '.  The same photodiode detector was used to 
measure h, the transmitted intensity.
The various measured intensities were corrected for the attenuation caused by 
the beam splitter to give values for and h. From equations (7.1-3), no = 3.00+1% 
and a  = (0.65±0.05)cm'\
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7.3.2 Pulsed laser induced response
7.3.2.1 Equipment
Shaping
amplifier
MCA Charge
sensitive
pre-amplifier
Temperature stabilised 
844nm laser, l.OOmW
Oscilloscope
+500V
lOOMO
Beam
ND filter
CdZnTe
detector
TTL control signal Trigger signal
Arbitrary waveform 
generator
Fig.7.5 Pulsed photoresponse set-up
The above set-up is virtually identical to the apparatus used for y-ray 
spectroscopy. In this case the CdZnTe detector is housed in the usual way for these 
optical experiments in its shielded housing. The pre-amp module was directly mounted 
onto the housing with BNC bulkhead connectors without the use of any coax cable. 
This kept the capacitance of the interconnect to a minimum in order to reduce noise. 
The interior o f the housing was covered with black carbon foam which acted as a beam
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stop to the laser radiation. This was to stop extraneous reflections within the housing 
from re-entering the detector and thus blurring the spatial resolution.
The laser’s rise and fall times were investigated in a separate experiment using 
an ultra-high speed PIN photodiode connected directly to the oscilloscope. From this it 
was discovered that even though the laser had a bandwidth lOMHz clean square wave 
output pulses were best produced if the duration of the pulse was not less than 248ns. 
The laser was controlled by an arbitrary waveform generator. This had the ability to 
produce a buffered TTL output with a constant pulse duration o f 248ns. The repetition 
rate was easily adjusted from O.lHz to IMHz. All lines were 5 0 n  terminated and 
direct measurement of the control signal showed clean transitions with no ringing.
The amount of energy deposited in the CdZnTe detector by the laser needed to 
be equivalent to the energy deposited in a detector when it is used routinely as a y-ray 
spectrometer, i.e. lOkeV to IMeV. This was so that the experiment would emulate a 
y-ray interaction as closely as this type of experiment would allow. It was known from 
the electric field experiments that excessive charge generation would distort the 
electric field within the detector and confuse the result. Without attenuation a single 
pulse o f 248ns at ImW would be approximately equivalent to IGeV. Two neutral 
density filters was therefore used to attenuate the laser radiation by a factor of either 
347 or 2280. These figures were determined by separate measurements and backed up 
by the use o f a scanning spectrophotometer. All measurements were taken at 844nm. 
A single pulse was then roughly equivalent to either IMeV or 153keV.
The attenuated laser beam was focused to a diffraction limited spot by an 
achromatic lens. The focal spot size was measured to be 12±2/nn in diameter. The 
achromat was anti-reflection coated and introduced no measurable attenuation in the
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beam. The CdZnTe detector was positioned so that the focal spot was formed 
precisely half way between the front and rear surfaces. As usual the focal spot could be 
scanned the entire 5mm length of the detector from the cathode to the anode with a 
resolution of l/rni.
The induced voltage pulse from the charge sensitive pre-amp was viewed by 
the oscilloscope that was independently triggered by the waveform generator. Traces 
were thus synchronised with the laser pulses. The induced pulse heights were 
histogrammed by the MCA to produce a pulse height spectrum.
7.3.2.2 Procedure and results
A normal operating bias of 500V was applied to the CdZnTe detector. The 
laser was fired at a repetition rate of 50Hz with a pulse duration of 248ns. The energy 
per pulse was set to 7100 which gave a mean illumination intensity o f 36pW. The 
detector was slowly lowered into the path of the laser radiation, cathode first, until a 
recognisable trace appeared on the oscilloscope. This gave the zero position from 
which all distance measurement were taken. Pulse heights were measured for a series 
o f points along the detector’s length. Initial steps were lOO/rni, but places o f rapid 
variation in pulse height were scanned at 10/rni intervals. Each pulse height was the 
average o f 1000 events. The independently triggered oscilloscope formed a phase 
sensitive detector which allowed the credible recovery of ImV pulses from a 
considerable amount of pre-amp noise (50mV p-p white noise).
The collected data is shown in fig.7.6. It is unfortunate that the bevelled edges 
o f the detector refract the radiation away from the immediate vicinity of the cathode. 
This leaves the apparent dead zone of response between 0 and 400/nn jfrom the 
cathode
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Fig.7.6 The variation of charge collection along the length of a 5x5x5mm CdZnTe detector, using a 
pulsed 844nm laser. Incident energy 71017 per pulse. Mean level of illumination 36pW.
13.23  Discussion
It can be readily calculated that the energy incident in the detector per laser 
pulse is 71O0±O.5%. From the value of R and a  previously derived the amount of 
energy absorbed within the detector amounts to 1600+5%, which is 7.0x10^ photons 
at 844nm. If one assumes that each absorbed photon generates an electron-hole pair 
then 11 QIC of charge will be liberated. The charge sensitive pre-amp had a charge to 
voltage conversion gain of 3.6V/pC. Therefore if all the charge generated was 
collected the perfect output pulse should have an amplitude of 400mV.
From fig 7.6 it can be seen that charge collection efficiencies range from a 
maximum of 43% to a minimum of 14%. Firstly it is interesting to note that so much of 
the optical absorption gives rise to a measurable current. Secondly the curve shown in 
fig. 7.6 mirrors quite well the salient features of the electric field distribution revealed 
in chapter 6.
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7.3.3 Hole mobility
Unlike the y-ray experiments the hole mobility of CdZnTe could be easily 
calculated from pulses obtained in the previous experiment. This is because the charge 
generation could be precisely positioned several mm’s from the cathode. This reduces 
the electron component of the pulse whilst enhancing the hole component.
All the traces from the oscilloscope were the average of 1000 events from the 
detector. As the oscilloscope was independently triggered by the waveform generator 
the resulting traces clearly showed the separate drift characteristics of electron and 
holes within the detector. A typical trace is shown in fig.7.7. This averaged pulse from 
the detector is shown together with the logic pulse from the waveform generator and 
clearly shows the synchronicity of the events.
Laser pulse
duration
hole drift
electron drift
Fig. 7.7 Typical laser induced pulse characteristics
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Using drift times from a pulse generated 4mm from the cathode of the detector 
and equation (4.7) the hole mobility was calculated to be 63cm^V^s'^±l%. This value 
of jUh is well within the published range for CdZnTe
7.3.4 Optically induced emulation of y-ray spectrum
7.3.4.1 Procedure and results
It was now possible to use the optically generated pulses from the CdZnTe 
detector to build up a pulse height spectrum on the multi-channel analyser. As with the 
y-ray experiments the shaping time of the amplifier was set to 0.5/is. The laser was set 
at a repetition rate of IkHz which gave a dead time for the MCA of about 1%. This 
made the rate of acquisition similar to that for a typical y-ray spectrum. The radiation 
was focused 1mm from the cathode. A total of 10^  events were collected. The resulting 
pulse height spectrum is shown below in fig.7.8.
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Fig.7.8 Pulse height spectrum of laser induced events generated within a CdZnTe detector, 1mm from 
the cathode. In terms of the amount of charge generated, each event is equivalent to IMeV
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7.3.4.2 Discussion
Fig.7.8 is not a selected part of the resulting spectrum showing only a 
particularly good peak; it is the only peak in 4096 channels, excluding low-end noise. 
The resolution of the peak is a remarkably high 0.52%, FWHM. The electronic noise 
contribution was determined with a precision puiser to be 0.18%. This coupled with 
the stated laser instability o f 0.2% meant that the intrinsic resolution of the charge 
collection within the detector was 0.44%.
However, if one looks at the statistics involved with the laser pulse it has 
already been stated that the number of optical photons absorbed within the detector 
per pulse is 7x10^ The absorption process itself is random and so the fractional 
standard deviation, a, associated with the optical photon flux should be.l/V # or 
0.12%. This amounts to a FWHM of 0.28%. Subtracting this noise contribution from 
the intrinsic resolution obtained above one obtains a new intrinsic resolution o f 0.34%.
It does appear that if the charge-generating site within the CdZnTe detector 
can be spatially confined, the detector can convert incoming radiation into charge 
carriers with a very high degree of resolution.
7.3.5 Continuous wave
7.3.5.1 Procedure and results
The effects o f continuous laser radiation were next investigated in order to 
compare the photoresponse with the pulsed measurements. The laser and focusing 
were kept from the previous experiment but the pulse sensitive equipment was
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replaced by a DC picoammeter. The bias voltage across the detector was maintained at 
500V. The laser was operated in continuous mode and its output was attenuated by a 
ND filter to 440nW.
A scan, similar in mode to that done in section 7.3, was made along the length 
of the detector. The result of is plotted below in fig.7.9. The dark leakage current of 
12.6nA has been subtracted from the photoresponse.
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Fig.7.9 DC photocurrent as a function of distance along a detector. Incident illumination 440nW
Again, the refraction induced dead zone is evident. Compared to the pulsed 
response curve (fig.7.6) the DC response is much more compressed towards the 
cathode end of the detector. Indeed, some 60% of the detector, from 2 to 5mm from 
the cathode, is almost unresponsive to the incident radiation.
7.3.5.2 Discussion
What is to be made of the difference in spatial response between the pulsed and 
DC experiments? The mean level of illumination in this experiment is 12000 times that 
of the pulsed experiment. This situation is almost identical to the trend in electric field
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distribution revealed in chapter 6. Here a difference in illumination levels of 2x10^ 
resulted in a considerable compression of the electric field within the detector towards 
the cathode. From this it can be concluded, that the intensity o f the electric field 
present at the point o f charge carrier generation, is an important factor in preventing 
charge recombination, which results in a permanent loss of signal associated with a 
particular event.
However, regions of low electric field do not prevent the transport of charge 
carriers through them that have been created elsewhere in the detector under much 
higher electric fields. This is evident by the photoresponse about the cathode where 
charge collection efficiency is extremely high.
On looking more closely at the photoresponse elicited about the cathode, one 
finds a rather surprising result. The power incident on the detector was 440nW of 
which some 99nW was actually absorbed. Assuming, as before, that one electron-hole 
pair is created per absorbed photon, this amounts to a maximum DC photocurrent of 
67nA, or a photosensitivity of 0.68AAV. The maximum measured photocurrent was 
SOOnA, giving a photosensitivity for absorbed radiation of 5AAV or some 7.5 times 
theoretical.
What is to be made of this amplified response? It is known for simple photo 
resistors that photoconductivity gains (G*) greater than one can be achieved 
However, these devices rely on ohmic contacts and carefully controlled bias voltages. 
They are also almost exclusively made from micro-crystalline semiconductors, 
deposited as thin films onto inert substrates. The gain is dependent on the ratio of 
carrier transit times to carrier lifetimes, and as such the gain is uniform along any 
electric field line connecting the electrodes within the semiconductor.
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If  for a moment the fact that none of these factors apply to the CdZnTe 
detectors here, what could be the value of G* from this source? Electron and hole 
lifetimes in CdZnTe are never greater than I jus the transit times for electrons in this 
experiment were roughly 500ns. Therefore G* could not be greater than two. It does 
not seem likely that the CdZnTe detector is behaving as a simple photoresistor.
Though not trying to explain where this photocurrent gain comes from, the 
high fields generated when a CdZnTe detector is illuminated (fig.6.11) could be the 
source o f avalanche multiplication. The relatively confined volume of the detector that 
displays excessive photocurrent generation is tantalisingly similar to the active region 
of an avalanche photodiode. Here a high field region a few micrometres wide is 
separated from a much wider drift region by a thin heavily doped buried layer. The 
amplification of carriers is confined to the high-field region
7.3.6 The effect of illumination on the IV curve of a CdZnTe detector
7.3.6.1 Procedure and results
Whatever the actual reason behind the amplification effect revealed in 7.3.4, it 
was decided to do an IV plot with the laser illuminating the CdZnTe detector. The 
laser was set at 440nW in CW mode and focused 800/mi from the cathode, the most 
sensitive part of the detector, as determined from the previous experiment. The bias 
voltage was swept from zero to 500V, the current being measured by the 
picoammeter. The sweep was repeated several times in order to be sure of 
reproducible results. The procedure was then repeated in total darkness to give the 
dark response IV curve.
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The resulting IV curves are shown in fig.7.10. in both a log and linear plot.
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Fig.7.10 A log and linear IV plot for a 5x5x5mm CdZnTe detector under a 500V bias, with and 
without 440nW of 844nm radiation, focused 800mm from the cathode.
13.6.2 Discussion
What is very intriguing about the illuminated IV curve is how the 
photoresponse ‘takes o ff once the bias voltage exceeds 400V. This is typical of the 
photoresponse of an avalanche photodiode which, if gain is required, has to be
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operated above a certain threshold voltage. Another aspect of the illuminated IV curve 
is its shape. This has been seen before in the IV curves of chapter 4, where a detector 
is driven to breakdown. This ability of a photo-induced current to reduce the voltage at 
which breakdown occurs will be expanded upon in the last chapter.
7.4 Photo-electric emission
Having failed to elicit a photo-electric (PE) response from the contacts in 
experiment 7.2, it was decided to arrange an experiment that was inherently more 
sensitive. It was appreciated that the internally generated electric field could be too 
weak to collect electrons ejected from the gold contacts by photoelectric emission, PE. 
An applied bias field was considered necessary to effect efficient charge collection. 
However, this would cause a leakage current that would, in all probability, be several 
orders o f magnitude larger than the necessarily small PE emission current.
The solution to this problem was to devise a highly stable current source that 
was capable of sinking the leakage current induced by the applied bias voltage. Only 
the PE emission current would flow through the precision picoammeter and be 
measured. In effect, the s/n ratio would be improved and the chances o f detecting PE 
emission greatly increased.
7.4.1 Equipment
The basic layout of the equipment is shown in fig.7.11. In essence, the 
equipment was designed to focus a narrow slit o f infra-red radiation in through the side 
wall o f a CdZnTe detector and illuminate the contact surface from the inside. It had 
been found in preparing this experiment that the photocurrent induced by the
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Fig.7.11 Apparatus for measuring the photo-electric emission from the contact of a CdZnTe detector 
under bias.
illumination was extraordinarily sensitive to both the focal slit size and position on the 
contact/semiconductor interface. All focal lengths of the various optical components 
had therefore to be as achromatic as possible. Only front surface mirrors could meet 
this requirement in extremis. The monochromator already possessed reflection optics 
and it was found that a high quality achromatic lens could collect the broad-band 
radiation from the halogen bulb and focus it into the monochromator without detriment 
to the system. However, it was shown that even an achromatic lens could not prevent 
focal point wander, when sweeping from 1 to 1.8/mi, when used to focus the radiation 
from the monochromator into the CdZnTe detector. A gold-coated concave mirror 
was therefore used for this purpose. The reflectivity of gold in the infra-red is >99%
146
7. Optical and IR probing o f contact/CdZnTe interface
and is utterly featureless. The lack of any surface oxidation also adds to the mirror’s 
stability.
Unfortunately, reflection optics by its nature tends to fold up the optical path 
so that object and image sit on top of each other. The cumbersome grounded housing 
containing the CdZnTe detector could not be physically arranged to be near the output 
slit o f the monochromator. Tilting the concave mirror in order to separate object image 
positions only revealed another drawback of reflection optics: gross spherical 
aberration and astigmatism for non-paraxial rays. It was impossible to form a sharp 
focal slit without coma.
This problem was overcome by using the concave mirror almost paraxially and 
intercepting the focused radiation with a second plane gold mirror. This was positioned 
very close to the output slit of the monochromator. This second mirror was tilted 
sufficiently to project the radiation into the detector. A sharp focal slit was obtained, 
with no visible aberration, that was parallel to the contact/semiconductor interface.
Considering the sensitivity of the picoammeter it was decided prudent to bias 
the detector at the relatively low value of lOV. The dark leakage current, 7l, induced 
by this bias, equalled 236pA. Nulling o ïh  could be achieved by bleeding off precisely 
this amount of current by using a highly stably constant current sink. This was achieved 
crudely and yet extremely effectively by connecting a 0 to -1200V voltage source to 
the node between the detector and picoammeter via a lO^^H resistor. The resistor was 
commercially made and was shown to behave strictly ohmically by being tested on a 
parameter analyser.
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7.4.2 Procedure
The first step required the dark leakage current to be nulled. It was found that 
setting the voltage source to at around -250V was completely successful at preventing 
the dark current from flowing through the picoammeter. It was then possible to 
increase the sensitivity of the picoammeter to a f.s.d. of IpA and fine adjust the voltage 
source to obtain zero. As the leakage current through the detector roughly doubles 
with every I OK rise in temperature, the set-up was extremely temperature sensitive. In 
particular, air current caused by movement in the laboratory and the air conditioning 
caused wide fluctuation in the zero offset. This was overcome simply by conducting 
the experiment at night when the air-conditioning was inoperative; temperature 
stability was achieved about one hour after its cessation.
On illuminating the detector a rudimentary scan was conducted from 900nm to 
I.8//m. A photoresponse was immediately apparent which peaked at I050nm. This was 
encouraging, as a response at such long wavelengths had not been observed before. 
Spatially scanning the contact/semiconductor interface showed fluctuations in 
photocurrent o f up to 100% for positional changes of Sjum. The final position was 
chosen, which gave a representative photoresponse. Scans were then taken between 
950nm and I.8/mi over a period of several days in order to assure reproducible results 
and to make sure the initial results were not anomalous. The lower limit of 950nm was 
chosen to be sufficiently far from the full band-gap transitions so as not to distort the 
result.
In order to utilise fully the data from this experiment, the measured 
photoresponse, as a function o f wavelength, had to be normalised with respect to the 
actual intensity o f the radiation impinging on the detector. Combining the blackbody
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emission spectrum of the tungsten bulb with the parabolic throughput efficiency of the 
monochromator results in a system that does not deliver the same power at every 
wavelength setting. A thermopile detector was therefore used to calibrate the 
transmitted intensity.
The thermopile was a commercial device, consisting of 20 silicon 
thermocouples etched onto a G.6mm^ substrate and protected by a barium fluoride 
entrance window. The device was factory calibrated with reference to a traceable 
standard. The thermopile was designed to have a completely flat response to radiation 
from 300nm to 20/nn. Thermopiles are, by their very nature, not inherently sensitive to 
radiation. A precision 2000V/V instrumentation amplifier with low drift and offset was 
therefore built straight onto the thermopile detector with very short interconnects. The 
entire assembly was enclosed in a shielded die-cast box. The sensitivity of the 
assembled device was 1.19Wm'^V*\
The output of the monochromator was normalised by replacing the CdZnTe 
housing with the thermopile and carrying out identical wavelength scans to the main 
experiment.
7.4.3 Results
Photoelectric emission is characterised by two traits. The first is a threshold 
photon energy at which electrons are first emitted; the second is the relationship in the 
number o f photo-electrons emitted for a single absorbed photon, above this threshold 
energy. This second trait is modelled by the Fowler theoiy o f photoelectric emission 
This states that P, the amount of charge liberated per absorbed photon is given by.
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Here is the fermi level, measured from the bottom of the conduction band; ^  is the 
schottky barrier height or threshold photon energy and is the incident photon 
energy. For £ph« + Ey)  and x > 3, equ.(7.4) can be reduced to,
= <t>B (7.5)
Therefore, a plot of the square root of the photoresponse, P, against photon energy 
should give a straight line that intercepts the x-axis at the value of the barrier height. 
Such a plot of the experimental data is shown in fig.7.12.
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Fig.7 .12 A Fowler plot of the photoelectric emission from the inner surface of a contact onto a 
CdZnTe detector. The extrapolated line indicated the barrier height.
150
7. Optical and IR probing o f contact/CdZnTe interface
The value of the barrier height obtained from fig. 7.12 was 0.79eV±l%. The 
correlation coefficient for the plot was 0.994. The maximum photoresponse was 
736//AAV at 975nm and the minimum was 24/iAAV at ISOOnm.
7.4.4 Discussion
This result provides the strongest evidence yet that a schottky barrier exists at 
the contact/CdZnTe interface. The value of 0.79eV agrees extremely well with the 
published values of barrier heights between gold and CdTe. However, such a value of 
^  is not consistent with the value of the saturated thermionic emission current 
discussed at length in chapter 4.
The actual value of the photoresponse is anomalously low, however, especially 
towards photons only slightly more energetic than In general it would be expected 
that infra-red radiation, propagating from CdZnTe into a gold surface, would be 
reflected with a coefficient of 0.97. This is derived from the modulus o f the complex 
refractive index of gold and the refractive index of CdZnTe. Therefore, 3% of the 
incoming radiation will be absorbed in the gold, within 10 to 30nm of the surface, this 
being the skin depth for gold at optical frequencies. Using the data from the thermopile 
detector, it could be calculated that the photon flux incident onto the gold contact at 
ISOOnm (0.83eV) was 3.4x10^^ s '\  This would lead to the absorption of 10^  ^
photons/s and the ejection of a similar number of photoelectrons (within a factor of 2- 
3). The photocurrent induced would then be 16nA. The measured photocurrent for 
0.83eV photons was lOpA or 0.06% of theoretical. It is this very poor photo­
efficiency that has made the detection of the PE emission from the electrodes so 
problematic and needs an explanation.
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7.5 Saturated bipolar Photovoltaic response
The strong photovoltaic response reported in section 7.2 was considered 
anomalous in that it required radiation at the lull bandgap energy of 1.55eV to elicit 
the response. As explained in 7.2 this phenomenon could not be directly attributable to 
the presence of a schottky barrier but was indicative of a depletion layer close to the 
contact caused by some degree of doping. The intention of this experiment was two­
fold. Firstly, to measure directly the potential drop across this depletion layer, from 
which can be inferred the doping concentration. Secondly, to gain some indication of 
the spatial extent of this doped layer.
The experiment was therefore split into two parts. The first was to illuminate 
the most photosensitive part o f a CdZnTe detector with an intense beam of radiation 
and to measure the evoked open circuit voltage, Voc Kc is a direct measure of the 
amount of band bending generated by the doped layer. The second part was to use 
highly focused laser radiation to generate Foe. and to therefore measure over what 
volume of the detector this photovoltaic phenomenon extended.
7.5.1 Equipment
The apparatus for this experiment is shown in fig.7.13 (a) and (b) and is very 
simple. The first part o f the experiment, (a), was to drive the photovoltaic effect to its 
maximum extent and therefore to obtain the maximum value for Foe. This was achieved 
by focusing the output of a tungsten halogen bulb directly onto the 
contact/semiconductor interface of a 5x5x5mm CdZnTe detector enclosed as usual in 
the shielded housing. The radiation from the source was collected by an aspheric 
condenser lens and projected to a short focal length BK7 biconvex lens.
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Fig. 7.13 Measuring the open circuit voltage of the photovoltaic effect in a CdZnTe detector.
(a) Using 0.3 W of broadband radiation from a tungsten bulb to produce a fully saturated 
response, (b) Using ImW of liighly focused laser radiation to provide a measure of 
spatial resolution.
The final lens focused the radiation into a spot roughly 5mm across. Both 
spherical and chromatic aberrations were extensive, but in this case were of no 
consequence. The efficiency of the optical system was such that about 0.3W of 
radiation was delivered to the detector. No filtering of the beam was deemed necessary 
as the CdZnTe would self filter the radiation i.e. only epi- and sub-bandgap radiation 
would penetrate into the depletion layer of the device.
The precision picoammeter could be used as a voltmeter with an input bias 
current of less than 1 OfA. It could thus faithfiilly rneasure Foe without affecting the 
equilibrium within the detector.
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The second half of the experiment shown in fig 7.13 (b), replaced the halogen 
source and its optics with an 844nm laser. An achromatic lens produced a diffraction 
limited spot lO/rni in diameter. The focal spot was arranged to form roughly 50 to 
lOO/mi from the surface of the detector well within its interior. The spot could be 
scanned from one contact to the other with a precision and resolution of I jjm. Thus a 
measure o f Foe could be determined as a function of distance from the gold contact.
7.5.2 Procedure and results
Having established that no measurable photo-voltage, Foe, existed with the 
CdZnTe detector in darkness the first half of the experiment was carried out. The 
tungsten halogen source was set at about 10% of maximum output. The large focal 
spot was positioned roughly over the earthed contact/CdZnTe interface as shown in 
fig.7.13 (a). An immediate photo-voltage appeared that amounted to -50m V with 
respect to ground. Adjusting the position of the focal spot upon the detector caused 
this to rise to -80mV. The output of the halogen source was then slowly raised. In 
doing so, the value o f Foe rose at first until it reached a value o f -180m V with the 
halogen source at 50% power. Increasing the output of the halogen source to its 
maximum resulted in no further increase in Foe. Positional adjustment led to an 
absolute maximum-recorded value of Foe of-210m V. This value of Foe was clearly an 
asymptotic maximum to which the photoresponse voltage approached in response to 
an ever-increasing intensity of incident radiation.
A slight readjustment of the optics allowed the other contact/CdZnTe interface 
to be illuminated. This resulted in an almost identical value of Foe except of the 
opposite sign, i.e. +200mV.
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Out of curiosity, the high impedance voltmeter was replaced with an ordinary 
handheld digital multimeter, which had an input impedance of lOMO. This recorded 
precisely 210mV when the device was under maximum illumination. The multimeter 
was loading the detector with a photocurrent of 20nA without affecting the value of 
Foe. A quick measure of the short circuit current, Ac, recorded a value o f between 50 
and 80//A depending on the precise position of the illumination. This merely replicated 
the result obtained in section 7.2.1 except the induced photocurrent in this case was 
10"^  times larger.
The second experiment involving the laser also produced a value of Foe of 
around ±200mV depending on which contact was illuminated. In this case, the 
positional response was much more pronounced. The maximum value of Foe was only 
obtained when the laser radiation was focused onto parts o f the detector not more than 
(20±5)/mi from either contact. Unfortunately, due to the curved edges of the detector 
and the subsequent refraction effects, it was not possible to home in precisely to the 
region o f the detector responsible for the photovoltaic effect.
7.5.3 Discussion
The potential Foe is the result of an equilibrium set up between the photo­
induced drift current, /dr, driving electrons away from the metal contact and a diffusion 
current, /di, bringing electrons back. Referring to fig.7 .14(a), in darkness very few 
electron hole pairs are thermally generated within the depletion region therefore Im is 
small. This current is easily balanced by thermionic emission over the depletion region 
barrier, ^p, in the reverse direction that constitutes /di. Of course, with thermal 
equilibrium across the device, thermodynamically all potential barriers must sum to 
zero for any closed circuit within the system. Thus the fermi levels o f both contacts lie
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at the same height and is zero. Under intense asymmetrical illumination, the 
situation is different. There is now an energy source capable of distorting the potential 
across the device. As shown in fig.7 .14(b), the photo-generated current / dr injects a 
large amount of negative charge into the intrinsic region of the detector. This causes a 
space charge to form in the bulk of the device.
(a)
Au 71
J
/-CdZnTe K Au
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oc
Fig.7.14 Equilibrium position of energy bands of a Au-CdZnTe-Au detector, (a) Darkness.
(b) Intense asymmetrical illumination. The doping of the n regions and the amount of 
band bending has been grossly exaggerated for clarity.
From Poisson’s equation, this space charge generates a potential which brings 
the energy levels of the intrinsic region more into alignment with the equivalent levels
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in the doped region. As a consequence of this, is reduced. This causes the back 
diffusion current to increase until again it equals / dr . Under intense illumination, it is 
possible to reduce almost to zero. The other contact is pinned in potential to the 
fermi level of the intrinsic region. Therefore, as the potential of the intrinsic region is 
raised (with respect to electrons) the potential of the unilluminated contact rises by 
precisely the same amount. This potential can be measured and is Foe. As can be 
appreciated the value of Foe asymptotically approaches the value that has in 
darkness.
Therefore, it can be concluded that the value of in darkness is 0.21V. From 
the direction of the photocurrent, the intrinsic nature of the bulk o f the device and the 
spatial results from the laser experiment, the following conclusions can be drawn, is 
caused by a thin (<20/mi) layer of lightly doped p-type CdZnTe between the gold 
contact and the intrinsic bulk o f the detector. From the value of it can be calculated 
that the concentration of active acceptors, Na, in this doped layer is «10^‘^ cm' ,^ a 
very light doping indeed.
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8. Structure and Conclusion
In this chapter all the experimental results will be pooled together to provide an 
overall picture of the structure of the Au-CdZnTe-Au detectors used almost 
exclusively for this work. This will be followed by a simple mathematical model that 
will attempt to explain some of the traits characteristic of these detectors.
8.1 Summary of experimental results
In chapter 4, the first evidence was presented that schottky barriers are present 
at the gold/CdZnTe interface. These barriers prevent the injection of a space charge 
limited current under bias and are involved in the x-ray induced photovoltaic effects. 
The small size of the thermionic emission current density, J st, (as determined from the 
IV curves) over the proposed barrier puts a minimum value on the height o f this 
barrier, at leV. Detector breakdown was observed at values o f bias that were 
inconsistent with the dimensions of the detectors and possible levels o f doping. This 
was difficult to explain in terms o f a simple barrier/semiconductor interface.
Chapter 5 reliably measured the bulk resistivity of CdZnTe without interference 
from the contacts as 4 .5xlO % cm . From this, it was concluded that the bulk o f the 
CdZnTe in the detector was intrinsic, either from purity or from compensatory doping.
Chapter 6 revealed considerable structure to the internal electric field within a 
detector under bias. The electric field was non-uniform with the detector in darkness, 
with field intensities tending to zero at the anode. Further, under sub-bandgap 
illumination, the electric field was observed to collapse towards the negative electrode.
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This light induced electric field distribution had all the hallmarks of a depletion layer. 
Growing and contracting in width, proportionately, with the applied bias.
Detector breakdown was seen as a time dependent electric field distribution. 
Plumes of high electric field strength were seen to detach themselves from the 
depletion layer about the cathode and move towards the anode. These events took 
place over time-scales measured in seconds.
Again, this evidence clearly pointed to contacts that could not freely exchange 
charge carriers. The apparent depletion layer formation absolutely required the 
presence o f a rectifying contact and a schottky barrier could provide this.
The photovoltaic phenomenon of chapter 7 clearly indicated the presence of a 
self-generated electric field within several micrometres of either gold contact. The 
wavelength dependent nature of this response, peaking as it did at 800nm, showed that 
full bandgap transitions within the CdZnTe were responsible for this effect. The level 
o f the photoresponse, 0.06AAV at 800nm, is 10.7% of the maximum quantum 
efficiency. In addition, the photovoltaic effect was capable of generating what could be 
very large photocurrent densities of «300//Acm’^ .
Therefore, the electric field must penetrate well into the CdZnTe proper in 
order to render sufficient of the detector volume sensitive to photovoltaic processes 
and achieve the quantum efficiencies seen. The use of highly focused laser radiation 
confirmed that the active region of the detector was not more than 20/mi across. If a 
schottky barrier were the only source of the electric field, the active volume of the 
detector would be confined to a very thin (tens of nanometres) polarisation layer 
intimate with the gold contact.
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In addition a photovoltaic effect dependent only upon a schottky barrier would 
show a photovoltaic response characteristic of such a contact. That is a Fowler type of 
response beginning at a photon energy equal to ^  and increasing as the square o f the 
photon energy above that. Thus, a photovoltaic response would have been expected to 
begin at a wavelength of ISOOnm and to increase dramatically below this. This was not 
observed at the levels of sensitivity initially thought adequate.
The open circuit potential of the photovoltaic effect proved that the conduction 
and valence bands of the interfacial layer, beneath the contacts, were raised in energy 
by 0.2eV with respect to the energy bands in the intrinsic CdZnTe. This distortion 
could be provided by a light doping of acceptor sites (/VA«10^®cm’^ ) within this 
interfacial layer rendering it %-doped.
The increase in sensitivity to photocurrents afforded by the techniques of 
section 7.4 finally revealed the distinct characteristic of photoelectric emission from the 
contacts. The distinct Fowler plot of fig.7.12 confirmed that electrons were being 
photo-electrically excited from the fermi level o f the gold contact into the conduction 
band of the CdZnTe, via a barrier o f height 0.79eV. What was also revealed was the 
weakness o f this response, being some 0.06% of theoretical at a wavelength o f 1.5/mi.
This quite definite experimental value of ^  is in complete agreement with 
published values of barrier height o f gold evaporated onto cleaved CdTe surfaces. 
However, it is at odds with a value of ^  of > leV  required by the values of leakage 
current measured in chapter 4. The difference may not seem significant but as equation 
(4.9) shows the value o f /s i  is enormously sensitive to barrier height. A value o f  ^  of 
0.79eV would lead to a 2000 fold increase in the leakage current. The IV plot o f the 
detector would then be dominated by J st and resemble that shown in fig.4.14(a).
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Clearly this is not the case and any model of the structure of these CdZnTe detectors 
must take account of this.
8.2 Structural Model
Fig. 8.1 displays the probable band model for the Au-CdZnTe-Au detector 
under conditions of zero bias.
Deep hole traps
\-~
GoldGold
CdZnTe
Fig. 8.1 Suggested zero bias energy band diagram for a Au-CdZnTe-Au detector drawn from one gold 
contact to the other
Let us go through the salient features of this model and compare it with the
experimental results. With reference to fig.8.1, the bulk of the detector is intrinsic with
the fermi level held precisely halfway between the conduction and valence bands. The
bandgap is 1.55eV with Ep sitting 0.78eV below the conduction band. The resistivity
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of the entire detector is controlled by this intrinsic material and held at some 
4xlO%cm.
Both contacts to the detector are schottky barriers with heights o f 0.79eV. It is 
interesting to note that the published and experimental values of for a schottky 
barrier between gold and CdTe, are such that the fermi surface of gold would be 
expected to sit almost halfway between the energy levels in intrinsic CdTe. This has the 
effect that the fermi levels in gold and CdTe are already aligned, without the need for 
compensatory movement of charge carriers in either direction.
Between the gold contacts and the intrinsic CdZnTe is a thin 10-20/mi layer of 
7C-doped CdZnTe. Na in this layer is lO^^cm'  ^ and is sufficient to pull the fermi level 
down in these regions by 0.2eV. Alignment of the fermi level across the system causes 
the formation of depletion barrier which is 0.2eV high. The total contact barrier 
(/>b' is then the sum of ^  and and equals leV. The mathematical description of the 
contact behaviour, yet to be described, requires the presence of hole traps in the %- 
layer about 0.2-0.4eV above the valence band.
On applying a bias to the detector, the energy levels are distorted as shown in 
fig.8.2. The barrier to thermionic emission is still and Jst is therefore limited to the 
very small values seen from the IV curves and predicted by equation (4.9). Electron- 
hole pairs, either thermally or radiatively generated, are able to move freely and be 
collected. The photoresponse of the biased detector will peak at the band-edge energy 
just as was seen experimentally. The doped layer and the hole traps combine to form a 
potential well for the holes to collect in that is 0.2-0.6eV deep. Thermionic emission 
from the well will occur. A calculation o f the mean lifetime o f holes in the well will be 
made in the last section.
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Secondary
electron
Gold
Fig. 8.2 The effects of bias of the doped interfacial layer, showing the thermionic emission current 
density, Jst; the generation-recombination current density, Jgr and a y-ray induced signal.
Photoelectric emission from the contact will occur and be characteristic of the 
barrier height, However, let it be suggested that a flux of optical photons of energy 
greater than ^  but less than ^ 'a re  incident upon the gold contact. Assuming only 
single photon absorption, a dynamic population of photoelectrons will form at the 
gold/TT-CdZnle interface. This is shown simplified in fig.8.3.
It is known that electrons that are only a few eV in temperature above their 
surroundings will thermalise in a matter of picoseconds in condensed matter. 
Therefore, it is suggested that the photo-electrons lose any memory of their initial 
photo-energy. This thermalisation is important, as the Fowler plot produced 
experimentally is a straight line. Therefore, there could be no differentiation between 
photoelectrons crossing the main barrier with varying amount of kinetic energy.
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Thermalisation
'liermionic emission
Photoelectric emission
PE
Gold
Fig 8.3 Proposed mechanism for the reduction in photo-electric efficiency observed
Having established a thermalised population of electrons, thermionic emission 
promotes a small fraction of this over the remaining 0.2eV barrier and a photoelectric 
current is produced. From the Boltzmann distribution, the fraction o f electrons 
thermally emitted over a 0.2eV barrier at room temperature is 1/2200.
Therefore the photoelectric quantum efficiency for this contact structure would 
only be 0.045% that of a simple schottky barrier. This compares well with the 0.06% 
efficiency obtained by experiment in section 7.4.
The pronounced photovoltaic phenomenon of section 7.2 is simply a 
consequence of the band bending associated with the interface between the doped and 
intrinsic CdZnTe. This is shown schematically in fig.8.4. The narrowness of the spatial 
response defines the extent of the doped region
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Gold
Fig.8.4 Source of photovoltaic currents
Finally, the breakdown phenomena revealed by the IV plots and illustrated so 
graphically by the electro-optic experiments, need to be explained. For this, a 
quantitative mathematical model is required.
8.3 Modelling the IV response of a CdZnTe detector
8.3.1 The Model
This mathematical treatment of the breakdown phenomenon is based on the 
effect of the hole potential well, formed in the Tc-doped CdZnTe. This model is 
suggested as a beginning in describing the behaviour of these detectors, and is in no 
way exhaustive. The crucial aspect of the model is the ability of the holes trapped in 
the potential well to reduce the height of the total potential barrier, This in turn has 
an enormously strong effect in increasing / st, the saturated thermionic emission current
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density. Let us look at a detector under bias, below breakdown and in the steady state 
This is illustrated in fig.8.5.
Electron thermionic
emission
Gold
Hole thermionic 
emission
i-CdZnTe
Fig.8.5 Contact under bias
The leakage current density is dominated by Jgr, which consists of two 
components: the electron current density and the hole current density, Jh. The rate of 
filling of the traps with holes is equal to Jh. A current density, Jt, empties the traps by 
thermionic emission into the gold contact. This rate of emptying is given by,
(8.1)
Here (j\ is the trap depth and A is equivalent to the effective Richardsons constant in 
metals and moderately doped semiconductors.
Obviously, the size of the current density, Jt, is dependent not only on the 
temperature of the hole fermi gas associated with the filled traps, but also with the
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number o f traps that are within a diffusion length, A, of the emitting surface. Therefore 
Z( is a variable and is given by,
A = A:N^X (8.2)
Where Mh is the trapped hole density in the doped layer. is derived from the 
Richardson constant for metals emitting holes into a semiconductor. The derivation 
involves removing the dependence on the number of effective emitters in metals that is 
inherent in the value of Richardsons constant.
At equilibrium, the rate at which the hole traps are filled must equal the rate at 
which they are emptied. Therefore Jt=J\x. Combining (8.1) and (8.2) gives.
r  (8 3)
We now have a relationship between the hole current density and the trapped 
hole density. The space charge associated with the trapped holes reduces the potential 
of the doped layer. From Poisson’s equation, the potential change is given by.
d^V _ p  qN,
dx^ s s
AV = - q N ^ ^  (8.4)
2s
Here q is the electronic charge, s  is the permitivity o f CdZnTe and x is the thickness of 
the doped layer. The potential change, AV, reduces the effect the doped layer has on
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the contact barrier. The effective potential barrier presented to the electrons in the gold 
then becomes,
~ D^P I Is
(8.5)
Substituting equations (8.3) and (8.5) into the saturated thermionic current 
equation (4.9), gives.
exp {^ B
kT
exp ,kT (8.6)
The total current density J, flowing through the device is the sum of J s i  and 
J gr. In addition, the hole current is simply the product of J gr and the ratio of the hole 
to electron mobility. Therefore,
P ,d ’
substituting into (8.6) gives.
y  = ^"T"exp| - i^ B  ^D P )
kT
exp
2_2
'ÂP.+ Ph)Pedks A'XT^
,kT +  • (8 /0
Where fo  is the applied voltage, d  is the device thickness and is the bulk resistivity 
o f CdZnTe. Equation (8.7) is the final result of this analysis.
A plot of this function is shown in fig.8.6 together with an actual 
experimentally produced IV curve for a CdZnTe detector. The variables contained in 
equation (8.7) were obtained fi"om the previous experiments and are shown in table 8.1
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Fig.8.6 Comparison of the IV curve predicted by equation (8.7) with experimental data
Diffusion length, X lO/rm^ ^^
7t-layer thickness, x 10±5/nn
Schottky barrier 
height, *
0.79eV
Depletion barrier 
height,
0.21eV
hole mobility, lOOcmV^s'^
electron mobility, 1000 cmV^s'^
a : l.OôxlO'^^AK'^
Table 8.1 Parameters used in the model of the IV characteristics
The only unknown variable was (jk, the hole trap depth. Equation (8.7) is 
extremely sensitive to the value of (jh The fit between the experimental and calculated 
data was therefore achieved by adjusting the value of (fk. The most optimum value for 
(jk, remembering that there is considerable latitude in some of the other variables (eg. 
doped layer thickness), was between 0.32 and 0.38eV.
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8.3.2 Discussion
What is the source of the deep traps and of the doping of the rt-interfacial 
layer? It is almost too obvious to say, but I would suggest that gold is the impurity that 
not only provides the acceptor doping but also provides the deep traps.
From published data on dopants in CdTe gold provides two acceptor levels 
in the band gap. One of these is shallow, at 80meV above the valence band. The other 
is deeper, at 0.28eV. This deep level is a candidate for the deep trap required by the 
mathematical model. I do not consider the rigorousness of this model to be sufficient 
to exclude gold as the trap source and certainly, o f all of the dopants levels reported, 
none come as close
Added to this is the obvious source of the gold from the gold contacts. The 
reported diffiisivity o f gold in CdTe is one of the highest known. Published data 
suggests that gold can penetrate lO/rni into CdTe at 4-5OOK within a few hours. It was 
previously stated that during fabrication the CdZnTe detectors were annealed with 
their gold contacts in place. This annealing was said to make the devices functional. I 
would suggest that this annealing process causes the gold from the contacts to diffuse 
into the CdZnTe detector; that this p-dopes the thin interfacial layer and consequently 
raises the contact barrier height from 0.79eV to leV. This then reduces the leakage 
current of the device by a factor of 2000.
This need for gold diffusion could also explain why some of the detectors 
functioned correctly only when biased with a particular polarity. Insufficient diffiision 
from one o f the contacts during annealing will render one contact barrier considerably
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lower than the other. The device will then have a current up to 2000 times greater in 
one direction than the other.
How does this interfacial layer effect the transport of holes through it? This 
question can be initially addressed by calculating the mean time holes spend trapped in 
the interfacial layer. The trap emptying current, Ji, is given by,
(8 9)
which can be converted into the rate of trap emptying such that.
(3 ,0 )
dt q q
Here A is the area of the interface and k is the decay constant. The mean life in the 
traps is Hk. Using the parameters from table 8.1, the mean trapped lifetimes for a hole 
range from SOO/zs, for a 0.28eV trap, to 40ms for a 0.3 8eV trap. These are very long 
times compared to events that would occur in a detector under irradiation.
High-speed pulse response would be mostly unaffected, as most of the 
detectors signal is generated by movement of charge carriers deep within the device. 
The signal being capacitively coupled to the electrodes. However, under extreme doses 
o f radiation, the greatly increased hole current will partially remove the contact barrier 
and tip the detector into breakdown. This has been demonstrated by the experiments, 
using laser radiation, in section 7.3.6. In addition, the effect o f high doses of x- 
radiation has been reported to induce the breakdown of experimental monolithic 
CdZnTe imaging detectors. All o f these effects have an element of bistability about
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them. That is the recovery of the device is usually only achieved by the reduction or 
removal of the bias voltage to the detector.
The theory does not include any positive feedback mechanisms that could lead 
to instability. For instance the hole current, is completely invariant to the electron 
current injected over the barrier. Let it be suggested that above a certain level of 
injected leakage current, the thermionically injected electron current couples to the 
hole current. By that I mean an increase in electron current causes an increase in the 
hole current. The positive feed back that this would produce would lock the detector 
in a high leakage current mode. Only a removal of the bias voltage would reset the 
device.
The oscillating breakdown phenomena of chapter 6 suggest that a high electric 
field is required to cause the complete filling of the interfacial traps. Once the 
breakdown process is under way the electric field fall in value at the interface. Could 
this drop in field then allow the interfacial traps to empty with their characteristic 
lifetime? If  so, this would allow the field to increase again until the process repeats 
itself in an oscillatory manner. The period of the oscillations would then be controlled 
by the mean lifetime of holes in the traps. The 40ms mean lifetime calculated above is 
only an order of magnitude shorter than the characteristic period associated with the 
cyclic breakdown phenomena. Could there be a connection?
It must be stated that values such as the depletion layer thickness are not 
known precisely and no account has been taken of the possible grading of gold 
impurities at the interface.
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8.4 Conclusion
How does this leave CdZnTe with respect to x-ray imaging and spectroscopy? 
In CdZnTe, we have a ternary compound that has behaved throughout these 
investigations as a rather predictable semiconductor such as silicon or germanium. 
Most of the problems associated with its performance can be attributed to its poor 
physical quality. This is no slur on the crystal growers, rather an indication of the 
problems encountered in trying to grow a thermally unstable material. Any condition 
that leads to growth of CdTe is also conducive to its dissolution. Hence the need for 
extreme and difficult growth conditions.
All the detectors used in this work were poly crystalline and invariably filled 
with precipitates of tellurium and yet their spectroscopic functionality remained. The 
electric fields within them were far from uniform, which lead to a non-uniform spatial 
response to radiation. The contacts were shown to possess quite a complex structure, 
the effect o f which on the spectroscopic performance of the detectors continues to be 
difficult to elucidate. These devices behaved as superb optical detectors able to detect 
femtojoules o f incident infra-red radiation.
Cadmium telluride and its zinc derivative are optimally placed as a candidate 
for x-ray imaging detectors because they are the best compromise in terms of 
electronic properties, x-ray absorption cross-section and physical strength. The 
contacts to CdTe are definitely the weak link when trying to get devices to behave 
optimally. We have seen detectors supplied with gold ‘ohmic’ contacts that are in 
reality metal-p-i-p-metal diodes. The probable accidental doping of the thin layer 
beneath the gold electrodes, results in a detector performance much greater than could 
be provided by a simple schottky barrier contact
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In order to develop CdTe further a much more planned contact/semiconductor 
interface needs to be used. Abrupt pn contacts could certainly reduce the leakage 
current through a device in a controlled way. While a graded pn junction would allow 
much higher bias voltages to be used before true avalanche breakdown occurs. This 
would allow improved charge collection efficiencies without the increased cost of 
leakage current induced noise.
For CdTe to be used as an x-ray imaging sensor it must be capable of being laid 
down in thick layers (300/mi) over a large area. Unfortunately, the remit of this thesis 
did not extend to thick film growth. However, CdTe is probably unique in being able 
to be deposited by electroplating onto substrates at room temperature There are 
many other suggested methods for this process, but whatever method is used, the 
design o f the contact/semiconductor interface will be mean the difference between a 
functioning detector, or a piece of mildly toxic metalloid with a precious metal coating.
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